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FORE WORD

The 1982 Fifteenth Power Modulator Symposium is the latest in a series
beginning with the Hydrogen Thyratron Symposium in 1950. These conferences
have provided early views of the evolution of devices and technologies in the
modulator field. As part of the Symposium, information is presented on recent
trends associated with repetition- rated pulsed modulators, including switches,
auxiliary devices, energy storage, power conditioning, RF systems, accelerators,

lasers and low-frequency generators.

We wish to express our appreciation to the following for their talks at [he
Symposium banquet:

Dr. Leo Young
Director for Research and Technical Information
Office of the Under Secretary of Defense for

Research and Engineering

and

Mr. James E. Colvard
Deputy Chief of Naval Material
Department of the Navy

Appreciation is also expressed to the IEEE, Advisory Group on Electron
Devices, Palisades Institute for Research Services, Inc., the committee members,
session chairmen, banquet chairman, authors, and attendees for their contributions
to the Symposium.

Ken Baile
Symposium Chairman
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COMPUTERIZED BIBLIOGRAPHY OF PULSED POWER

R. L. Druce and A. H. Guenther
Air Force Weapons Laboratory (CA) Kirtland AFB

Albuquerque, N~M 87117

M. Kristiansen
Department of Electrical Engineering

Texas Tech University, Lubbock, TX 79409

Summary Material to be Included

As a vibrant and growing field of endeavor, The AFWL pulsed power bibliography will reference
pulsed power has a need at this time for an organized documents in the following areas:
collection of literature pertinent to the field. For
this reason, a comprehensive bibliography of pulsed Breakdown Studies
power is being compiled to provide researchers and Diagnostics and Instrumentation

students in this field a guide to the literature. Energy Storage
The bibliography will consist of citations pertaining Insulation
to energy storage. switching, particle beam generation, Particle Beam Generation
power conditioning and transmission, breakdown, and Power Conditioning
diagnostics. The bibliography will contain four Switching (Including Electrode and Insulation
indices organized by subject category, title, author, Degradation)
and corporate affiliation. In addition, there will
be a listing of conferences relevant to the pulsed with each of the above serving as the main heading.
power field. Each citation will include title, In addition, each main heading will include several
author(s) and affiliation(s), abstract, and key words, subheadings (such as Thyratrons, Spark Gaps, etc.
Citations not generally available will include a under Switching) to provide additional categorization.
source for the document when possible. Two A section entitled Reviews and Conferences will also
bibliographies, one unrestricted and one restricted be included. All review articles and conference
circulation, will be printed automatically from a proceedings, in addition to being included in the
computerized data base. Publication of the first appropriate subject category, will be placed in this
edition is planned for September - December 1982. section for easy reference. Types of documents to be
The philosophy of the bibliography, as well as the referenced will'include, but not be limited to,
computer facility used to utilize the data base, will journal articles, research reports, contractor reports,
be discussed. books, and lecture notes. Any other type of document
* will be considered for inclusion if it has been

published and is available. No attempt will be made
Introduction to editorialize the quality of citations that are

included in the bibliography. There will be an effort
With pulsed power and high-voltage technologies made, however, to weed out very poor quality papers.

playing a greater role in weapons research, nuclear
weapons' effects simulation, fusion power research,
power distribution, materials processing, and even Publication Format
medical research; the past two decades have seen a
rapid expansion of these two technologies from a The pulsed power bibliography will be published as two
novelty to a growing and vital part of the research documents, one open circulation and one restricted.
establishiment. This rapid growth has, of course, Each will be published in loose leaf form as four cross
produced an attendant growth in associated published referenced sections ordered by title, subject, author,
literature. However, the fact that pulsed power is a and author's affiliation. The section indexed by title
young technology and is of an applied engineering will include the following information:
nature, has resulted in the occurrence of several
adverse conditions. Since there is' no journal 1. Accession number
dedicated to publishing pulsed power articles, 2. Title
research relevant to pulsed power must be published 3. Authors and their affiliations
when and where posile. This haphazard publishing 4. Type of document (including volume number for
policy results in many hours spent in literature journal articles and report number for
searches that could otherwise be avoided, or work reports and lectures)
may be repeated unnecessarily because a paper was not 5. Availability of all non-journal citations when
found at all. In addition, much work has been possible
published only in report form, which may be 6. Abstract with number of references
difficult to find at best. This paper is reporting 7. Key Words
an effort by the Air Force Weapons Laboratory (APUL) 8. Copyright
to fill the need for am organized listing of the 9. Security record on all classified documents
literature by compiling a comprehensive bibliography
of pulsed power. It is planned that this bibliography is in Fig. 1.
will provide not only a quick reference to the
available literature, but also a guide to direct the TITLE (DE)
reader to obscure and hard to find documents that
relate to pulsed power. 250

DETAILED DESIGN, FABRICATION AND TESTING OF AN
ENGINEERING PROTOTYPE COMPENSATED PULSED
ALTERNATOR

C141755-5/82/OOOO.OOISOO.75 0 1912 IEEE



W. L. Bird and H. H. Woodson 1283
University of Texas, Austin, TX 78712 LECTURES ON HIGH-VOLTAGE AND PULSE POWER
LLL Report No. UCRL 15213 (03/1980) TECHNOLOGY; LECTURE 7: THYRATRONS AND
The design, fabrication, and test results of IGNITRONS
a prototype compensated pulsed alternator W. J. SarJeant
are discussed. The prototype compulsator Los Alamos Scientific Laboratory, Los Alamos,
is a verticle shaft single phase alternator NM 87544
with a rotating armature and salient pole LASL Report No. LA-UR-80-517 (10/1981)
stator. The machine is designed for low rep Primary Keywords: Thyratron; Ignitron;
rate pulsed duty and is sized to drive a Theory Application;
modified 10 cm Beta amplifier. The load State-of-the art; Devices
consists of sixteen 15 ma x 20 mm x 112 cm Under Development;
long xenon flashlamps connected in parallel. Trigger Circuit; Recovery
The prototype compulsator generates an open Time
circuit voltage of 6 kV, 180 Hertz, at a Secondary Keywords: Charging Circuit; Delay
maximum design speed of 5400 rpm. At a Recovering Mechanism
maximum speed, the inertial energy stored
in the compulsator rotor is 3.4 MJ. I Ref.
Primary Keywords: Compulsator; High Power; Thyristors

Laminated Rotor;
Compensating Windings; 1260
High Average Flux LIGHT-FIRED THYRISTOR DEVELOPMENT
Density; Time Varying D. K. Page, L. L. Lowry, and P. Rai-Choudhury
Armature Circuit Westinghouse Electric Corporation, Pittsburgh,

Secondary Keywords: Pulse Shaping; PA 15235
Simulation; Magnetic EPRI Report No. EL-776 (04/1978)
Field Mapping; Design Primary Keywords: Thyristor; Power
Notes Electronics; Optical

Triggering System
Fig. 1. Sample Bibliography Citation, Indexed by Title

Fig. 2. Sample Bibliography Citation, Indexed by

In the interest of brevity, the sections grouped by Subject
subject, author, and author's affiliations will
include: The subject, author, and author's affiliation indices

will be cross referenced to the title index by title
1. Accession number and accession number.
2. Title
3. Authors and their affiliations
4. Type of Document Implementation
5. Keywords

The bibliography is being implemented as a
as in Fig. 2. computerized data base to facilitate efficietLt and

error-free handling of the data. The System 2000
SWITCHES, CLOSING data base manager was chosen for its ease of data

manipulation and its availability. To facilitate
Thyratrons on-line use, each component of a citation (subject,

title, author, etc.) may be searched individually
716 or several components may be searched simultaneously.
HIGH VOLTAGE, LOW INDUCTANCE HYDROGEN All or part of each citation found may then be
THYRATRON STVDY PROGRAM printed to the user's terminal or to a high-speed
R. F. Caristi and D. V. Turnquist line printer for future reference. In addition, the
E. G. & G., Salem, MA 01970 data base is structured to provide automatic printing
ERADCON Report No. DELET-TR-78-2977-F of all indices to be included in the printed version.

(01/1981) This automatic printing reduces the probability of
Primary Keywords: Thyratrons; Switches; errors in format and content in the printed document.

Pulse Generators; Combining this automatic printing with structured and
Blumleins; Pulse computer prompted input will reduce the time needed
Modulators; Nanosecond to proofread the bibliography. The ability to
Pulsars; High voltage cross-check citations from many sources for duplication
Components quickly and easily has also been very effective.

1296 Contributions and Availability
INSTANT START THYRATRON SWITCH
S. Mors and D. Turnquist All contributions to the bibliography from
Z. G. & G. Inc., Salem, MA 01970 outside sources will be most welcome. Obviously, the
EIADC( Report No. D(LET-TR-79-0270-1 sore complete the bibliography is, the sore useful it

(01/1981) will be. Due to the extensive literature search
Primary Keywords: Thyratron; Hydrogen performed at the ANTL technical library, it is

Thyratron; Cold Cathode probable that a large portion of the open literature
Secondary Keywords: Gas Filled Device; documents have already been obtained. However, any

Switch Tube articles published in journals or other periodicals
not generally devoted to physics or engineering will
gladly be accepted if they are of a technical nature.

. _ ._ !:. !,2



A copy of all documents submitted for inclusion in the Dr. Druce is visiting installations with libraries too
bibliography will be required for permanent retention voluminous to be copied and transported to the A.L
by the AFL. Documents to be submitted for inclusion Invitations for a visit should be forwarded to the
should be forwarded to: above address. The bibliography will be made available

to the public for a nominal fee to cover printing and
AFNL/CA handling. The proposed publication date is flexible
Kirtland AFB but is slated for September - December 1982. In
Albuquerque, M 87117 addition, i: is intended that all organizations making
ATTN: K. L. Druce (or A. H. Guenther) a significent contribution to the pulsed power

bibliography will receive a complimentary copy of the
with the permanent retention copy included. Also, published document.
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AN INVESTIGATION INTO THE REPETITION RATE LIMITATIONS OF MAGNETIC SWITCHES*

0. L. Birx, L. L. Reginato, and J. A. Schmidt
Lawrence Livermore National Laboratory, University of California

Livermore, California 94550

Summary

The use of magnetic switches to generate high A
power pulses has opened up a whole new spectrum of Lo
possibilities. Here we describe an investigation into--- 4 Tthe maximum repetition rates possible with these -I- L
devices. Pew. C._

Introduction 
L J

The use of saturable reactors for high power /C - / 41.0
pulse generation was first described by Melville

1

in 1951, but the use of these devices as the power
sources for electron accelerators has only recently
been considered.

Our investigation into magnetic switching was
motivated by the pulse power requirements of the
ETA/ATA induction accelerators.

ETA (a 10 kA, 5 MeV Linac) now operating and
ATA (a I0 kA, 50 MeV Linac) under construction are
essentially ferrite core transformers with an elec-
tron beam as a secondary. A series of simultaneously
triggered high pressure gas switches transfer the Fig. 1. Magnetic switch.
energy stored in water-filled Blumlein lines to the
multiple single turn primaries. ATA is designed to Capacitor Cl is charged through L0 until L1
generate a burst of up to 1O pulses each pulse 50 ns saturates; Ll is chosen to have a saturated inductance
in duration with a pulse repetition rate of up to much less than Lq. Once LI saturates, r2 will begin
I kHz. to charge from C1 through LI, but because

This 1 kHz repetition rate is achieved by circu- Llsat " L0, 2 charges much more rapidly than Cl
lating gas through the spark gaps at high velocity, did. The process continues through the successive
Operation at 1 kaz requires 15 hp worth of blower per stages until Cn discharges into the load. Each suc-
spark gap. Although for some applications it is de- cessive saturable reactor is designed so that satur-
sirable to operate at ten times this value, an order stion occurs at the peak of the voltage waveform.
of magnitude increase in rep rate would up the blower Before the switch can be used again, the in-
requirement to 15,000 hp per gap and this would have ductor cores must be reset. The time for the pulse
been a cause of concern for other people using power energy to propagate through the switch and the time
in this country. required to reset the saturable inductors determines

Research into alternative switching schemes re- the maximum repetition rate.
sulted in the development of high power magnetic The magnetic switches employed on O!A are reset
switches. To date, five of the 33 spark gap switches by charging Cl to an opposite pol. ItV between
on ETA (comprising the original trigger system and pulses. This reverse polarity pulse cascades through
grid drive) have been replaced with magnetic switches, the switch and resets all the successive stages. For
These devices were installed to both gain operating the sake of maintaining high efficiency, this reset
experience with magnetic switches and to obtain a pulse is at lower voltage than the main pulse because
side by side comparison with spark gaps. the energy is simply discarded at the load after the

Our current experiments in this ares are Ai- switch is reset. Typically, the propagation time of
rected at understanding more shout magnetic switches the forward pulse is 5 us while the 1/4 voltage reset
in the hopes of generating further improvements of pulse requires 20 us to reach the load. This allows
this technology. This paper outlines our recent a pulse to be produced every 25 us. This performance
attempts to document the maximum repetition rate at is better than adequate for our purposes, but it was
which a magnetic switch can be operated. while we of interest to see if a different resetting scheme
have failed to achieve this goal, we feel that the might produce higher repetition rates without sacri-
reader might be interested in how hard we tried. ficing efficiency.

The desit.., of a magnetic switch which employs a
operation different resetting method is schematically depicted

in Fig. 2. We will attempt to describe its operation
The theory of operation of magnetic modulators in the following section, but the reader is warned

and the conditions for optimum operation have been that to really understand this circuit may renuire
described in several reports.

1- 0  
It is briefly actually building it. We were aided by a discovery

repeated here for continuity, that these devices are totally scaleable. This oper-
The basic principle behind magnetic switching ation of a large device can be precisely predicted

is to use the large changes in permeabilities ex- from the operation of a scale model. The scaling laws
hibited by saturating ferri- (ferro-) magnetic are as follows:
material to produce large changes in impedance. The a Power gain per stage is independent of
standard technique for capitalizing on this behavior scaling factor £
is illustrated in Fig. 1. By using multiple states e Efficiency is independent of scaling factor
as showm, it is possible to achieve an effective * Pulse energy varies as the scaling factor
changse in impedance much larger than can be obtained to the third power
from a single stage. The operating of this circuit a All times vary linearly with scaling factor
can be described as follows. (including minimum construction time)

4
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Fig. 2. Eight pulse burst generator.

* Power levels vary as the scaling factor to The first person to make it all the way to the *cope
the second power obtained the data from the reaiator dividers shown in

* Voltages vryze linearly with scaling factor Fig. 4. Here 120-os cable lengths separated the SCR
* Currents vary linearly with scaling factor firing times. The first stage capacitor can be seen
Finally, and always of the greatest importance, to only charge once, while the 4-s stage capacitors
* Cost varies as the scaling factor to the are each charged tice from two of the eight first

third power stages. Finally, all eight pulses are suimed to-
gether at the output terminal. The result of re-

Self-Resetting Magnetic Switches ducing the time delay between successive triggers

from 120 ns to 60 ns is illuatreted in Fig. 5.
The circuit for a magnetic burst generator which At this point, it was decided to change the PFL

does not require resetting between pulses is illus- used for Cm from 2 parallel 13-n lengths of PCG5 to
trated in Fig. 2. Here portions of the eight forward- 3 parallel 10-na lengths of ROSS. This was done to
pulses are used to reset the saturable inductors in avoid overlapping pulses when proceeding to higher
the circuit. This eight pulse burst generator is as- repetition rates. These results are provided in
sentielly a two stage magnetic compressor wjth eight Fig. 6. Here an attempt to get to 40 mHx resulted in
first-stages and four second-stages all feeding into the return to a single pulse generator.
one output load. Finally, all the capacitances were reduced by a

When SCX S1 is triggered, capacitor Cl1 is factor of two. This allowed a substitution of 5-os
charged from C01 through F1 until inductor Lll satu- cables for the 10l-os lengths in the PFL. These re-
rates. Once Ll1 saturates capacitor C11 begins to suits are presented in Fig. 7.
both charge C1 and reset L12. Wfhen l saturates the it wa then decided the search for the re-
energy storged in capacitor C21 is transferred to the petition rate limitations of magnetic switches should
load. This voltage appearing across the output termni- be abandoned.
nale partially resets '-2,. L3, and & Capacitor
C11 is chosen to have a slightly smaller capacitance Conclusion
than C2 1, resulting in a small negative voltage remain-
ing on C1 1 after discharging into C l" This negative it appears possible to build high power pulse
voltage will begin the job of resetting L11 , 5 job that generators whch operate at repetition rates deter-
the discharge of C12 into C2 1 wail mostly finish, mined only by the pulse lengths. This paper de-

The actual firing sequence is $l, 33, aS, S7, scribed an eight pulse burst generator which could be
S2 S& S6, and finally Sg. The timing between the operated at repetition rates exceeding lO

7
Wg. The

output pulses is simply determined by the time delay authors feel that a greater number of pulses, high
between triggering the successive SCR's. power levels, shorter pulses, and/or higher repe-

tition rates is certainly achievable. Howver, until
Smell-Scale Model 01peratio a use for such a device becomes apparent, we will con-

tinue to look at the other properties ,f magnetic
This idea sounded almost sane enough to work, so switches, and untangle a few remaining problems as-

the authors decided to build a small scale model and sociated with this experiment.
see what really would happen. A descriptio of the
components used is provided in Fig. 3. With exception Acknowledgment
of C n, the components were assembled on a printed
circuit board. The cable lengths which comprised We would like to thank George Dutner for his
C2n (ni = I to A) lay in a neatly tangled pile on the time spent in drawing the illustrations for this
floor. The time delays between the triggering of the paper. Also, we would like to thank W. S. Melville
SdI's was determined by cable lengths. These cable for inventing the magnetic switch. it appears to be
lengths added greatly to the confusion on the floor, a very useful device.
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As a final note, we would like to thank Ian 7E. W. Manceuffel and R, E. Cooper, "Direct Current
Smith who was the first person to believe this idea Charged Magnetic Pulse Modulator", Proceedings
would work. Special Technical Conference on Nonlinear Maetics

and Magnetic Modulators, September 1959, p. 2I.
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THE APPLICATION OF MAGNETIC PULSE COMPRESSION

TO THE GRID SYSTEM OF THE ETA/ATA ACCELERATOR

0. L. Blrx, E. G. Cook, L. L. Reginato, J. A. Schmidt, N. W. Smith

Lawrence Livermore National Laboratory
P. 0. Box 808

Livermore, CA. 94550

Introduction

The ETA/ATA Injector is essentially a 2.5 MeY to the grid drive pulse. The actual operating cur-
triode with a hollow anode through which a 0 to 10 rent is dictated by the experimentalists who are
kA electron beam is injected into the downstream using whatever comes out of the end of the acceler-
accelerator sections. A sketch of this device is ator. Typically, the desired operating current
presented in Figure 1. The 2.5 MeV anode potential will vary from 2 to 12 kA.
is generated by ten series induction units each
driven with a 250 kV, 50 ns pulse. At present, The grid driver must therefore generate a pulse
these pulses are generated by twenty water-filled into an 80 load which can be varied from 20 to 120
Blumleins, switched into the structure almost kV and can be accurately timed with respect to a
simultaneously by twenty high-pressure gas-b-own point on the anode voltage waveform.
spark gaps. Replacement of these devices with mag-
netic switches is under consideration. In order to keep low jitter in the injector

accelerator cells, the pressurized gas system is
The electron beam is sourced by a cold plasma normally adjusted to track large voltage varia-

cathode and extracted by a screen grid. The cath- tions. Since the grid adjustments do not
ode plasma is generated through the creation of necessarily follow those of the injector, operation
3000 simultaneous surface discharges arranged uni- of the two systems from a common gas supply became
formly over the area of the ten inch diameter very limited and in many cases nearly impossible.
surface. A 100 kV pulse, 10 ns in duration and A magnetic grid drive system was adopted in
individually resistively coupled to each of the mid-1981 on the ETA to be totally independent of
3000 five-mil gaps, produces these discharges. the injector and recently a similar system was
This pulse must be timed approximately 60 ns prior built to replace the Blumlein spark-gap system of
to the application of the grid voltage, the ATA.

The grid-cathode gap is adjustable and is A block diagram of the cathode-grid electronics
varied to provide an approximate 8n load impedance is presented in Figure 2. The remainder of this

T-INDUCTION UNIT ANODE

GRID PULSE INPUT

/ '
HIGH VOLTAGE ELECTRODE-' ELECTRON SEAM

2.5 MEV, 10KA ELECTRON INJECTOR
FIG. 1

*Lawrence Livermore National Laboratory is operated by the University of California for the Department of

Energy under contract No. W-7405-Eng-48.

This work is performed by LLNL for the Department of Defense under DARPA (DOD) ARPA Order No. 3717, Amendment
41 monitored by NSWC under contract ON60921-81-LT-WO043, and DARPA (DOD) ARPA Order No. 4395 A#1.

This abstract is submitted to the Fifteenth Power Modulator Symposium, June 14-16, 1982, Baltimore, Maryland.
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report will address the individual components
illustrated there.

S1.., .
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Operation of the Magnetic Grid Driver

A bank of four thyratrons discharges a 2.65 MF
capacitor Into the single-turn primary winding.
The Metglass input transformer charges the 0.022 pF
first-stage capacitor to approximately eleven times
the primary voltage in 2.5 ;s. The saturation of
the first stage inductor produces a 600 ns charge

P.Smi S*Ze,,, ,,,,,W-,SSi,-b on the second stage.

Magnetic Grid Driver The energy continues to cascade to higher and
higher power levels finally applying a 50 ns FIeeM

The magnetic grid driver is a three-stage cas- pulse to the primary of a 2:1 step-up output trans-
cading magnetic switch. Each stage uses a 30 kg former. This operation is pictured in Figure 6.
Metglas 2605 CO core to provide a power gain of -4 The actual construction of the saturable inductors
in transferring the electrical energy between capa- and both input and output pulsed transformers is
citors of equal value and then finally into an 8 illustrated in Figures 7 and 8.
load. The final stage capacitor is actually a 1.5nl
water-filled PFL. The circuit is depicted sche-
matically in Figure 3. The output pulse energy is
initially stored at : 11 kV In a 2.65 ;AF capacitor
located in the "switch chassis" schematically
illustrated in Figure 4. The bias resistor located
in the magnetic switch provides rapid reset of the
saturable magnetic cores between pulses and biases ..... • 4 ,. -.. -..
the cores so as to provide the maximum &B swing
available.

-I. oV.

.U C Ut -Beer

i - I maeCSn*.. *Sma.nn

- - - I - - -

D(

L__ ----------------- ---- --

0.0 rS GIS .Q.6m S.e O- e *ON yin

The data presented pictorially in Figure 5 LRT ,h C SUO

shows an overlay of multiple two pulse burst. The
output pulse of 110 kV into an 8 a dumy load pos-
sesses a 50 ns FWW and 20 ns 10 to 90% risetime.
The pulse shape is somewlat distorted by the
resistive divider used to collect this data. A
more detailed description of the magnetic grid
driver follows below.
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If the reader closely examines the cathode cur-
rent waveforms depicted in Figure 9, a small pulse
approximately 2 kA in amplitude and 10 ns in dura-
toon appears -60 ns before the main current
pulse. This Is the current from the cathode
Igniter pulse which also passes through the series

•' , i'. mm....- resistors used to measure cathode current. This
-..... will be our next topic for discussion.

The Cathode Igniter PulseI "
Research which led to the present plasma

Grid Driver Installation cathode design indicated that an ignition pulse
which rose to at least 60 kV In a short a time as

Before the grid driver could be installed on possible ( - 10 ns) was mandatory to create a
the machine it was necessary to further reduce the plasma sheath which was uniform to small fractions
output pulse risetime. This was accomplished by of a centimeter over the 500 cm2 cathode sur-
placing a pulse sharpener in the transmission lines face. It was also observed that as this cathode
which connected the grid driver to the Injector. plasma was further heated by continued application

of igniter current that the plasma expansion velo-
A pulse sharpener uses Zn-Ni ferrite cores to city and temperature increased undesirably. In

place an opening in the transmission line until the addition, as the pulse length approached several
input to the sharpener is at full voltage. When 100 ns the resistor network which coupled the pulse
the enclosed ferrite saturates, it removes the open energy to the discharges would begin to undergo
and allows the pulse to proceed to the output. The permanent changes in a direction which led to large
risetime of the pulse out of the sharpener is only increases in the entropy of system.
limited by the saturated inductance of the sharp-
ener. Experimentally, it was determined that a pulse

120 kV in amplitude with 10 ns FWMI lead to uniform
The effect of the sharpener is shown by the emission, a tolerable 7cmJLs plasma sheath expan-

actual grid current voltage waveforms presented in sion velocity, and a >100 shot life.
Figure 9. This form of pulse sharpener is pictor-
ially depicted in Figure 10. A pulse generator was already available which

produced a pulse 120 kV in amplitude, but with a 50
ns risetime and 200 ns FP141*. A pulse
s harpener/clamp was constructed out of Zn-Ni fer-
rite cores supplied by Stackpole, Inc. This devicerepresented in Figure 11 produced a satisfactory
pulse and is now employed in ETA.

""e" onMO? a.4 rim..i n.M.0. @
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Appendix and

The Use of Metg1as in Fast ( < 100 ns) Pulse
TFansformers (16 * Bsd [tCGS)

The use of Metglas In fast pulse transformers e T • p c2
is of particular interest to the designers of
induction linacs. An induction linac is simply a
pulse transformer with an electron beam as a
secondary. Both ETA and ATA are Zn-Ni ferrite core here y is the gyromagnetic ratio, k the anisotropy
induction linacs. Ferrite was chosen because at energy, the Gilbert damping parameter, and A the
the tim it was the only material which exhibited exchange stiffness constant.
satisfactorily low losses for 50 to 70 ns duration
pulses. Metglas is now available and it may be For short pulses the dominant term is the eddy
time to once again examine the options. The higher current loss and where d(t) is the thickness of the
Bs of Metglas could reduce core volumes almost saturated portion of the tape. It has always been

an order of magnitude if the present accelerator felt that Metglas could not be used in these induc-
gradients were maintained. tion linac cores until a technique of producing 0.7

mil Metglas was developed. In actuality, it is
It is worth taking a minute to examine upon possible to use 1 mil thick Metglas but only 70% of

what the core losses depend. The reader may have the total available area is useable. This would
noticed that the magnetic grid driver uses a require the use of more Metglas than if 0.7 mil
Metglas output transformer for a 50 ns FWHM pulse. Metglas were in existance but still requires
It must therefore be assumed that Metglas can some- considerably less Metglas than ferrite.
how be made to work in this application.
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REGULATION AND DRIVE SYSTEM FOR HIGH REP-RATE MAGNETIC PULSE COMPRESSORS *

D. L. Birx, E. G. Cook, S. Hawkins, A. Meyers
L. L. Reginato, J. A. Schmidt, and M. W. Smith

Lawrence Livermore National Laboratory, University of California
P.O. Box ROR/L-321

Livermore, California o&55n

1. Summarv ahead of time. To see how this could be done, let us
examine the circuit depicted in Fig. 3.

The essentially unlimited rep-rate capability Let
of non-linear magnetic systems has imposed strict
requirements on the drive system which initiates the V c(t) a Voltage on Switch Chassis Capacitor

pulse compression. An order of magnitude increase in c
the rep-rates achieved by the Advanced Test Acceler-
ator (ATA) gas-blown system is not difficult to and
achieve in the magnetic compressor. The added re-
quirement of having a high degree of regulation at V m(t) 

= 
Voltage measured on divider.

the higher rep-rates places strict requirements on
the triggerable switch for charging and dequeing. A
novel feedback technique which applies the proper A simple analysis gives
bias to a magnetic core by comparinR a reference
voltage to the charging voltage eases considerably F) ( Vct ) + RC icft ) LC V (t
the regulation required to achieve low jitter in 1' 0 c n c c A

magnetic compression. The performance of the high
rep-rate charging and regulation systems will he While an expansion of Vc(t) about the point t t
described in the following Pages. yields

The application of magnetic switchin
tl- 5 

to high
repetition-rate pulsed power generation has not only -n V (n)
greatly simplified the problem of operating high power c (t
systems at 10 kHz, but has generated a whole new V (to t) = Vc(t). n 1 = n

spectrum of requirements for the input drive system. c 0 c n

Our interest lies primarily in creating short
bursts of pulses rather than a continuous pulse train. 2
The dc power supplies currently in use require at -Vc(tV) at*;t(t + At

least one sicond to generate the energy required for c V) 2 V
c (t

0
each burst.

While It is possible to simply charge many It becomes obvious that through the correct
capacime into the input of the maeic switch, this tch- choice of values for R and L (i.e., RC = At and

timeint theinpt o themageticswichthistec- Lc - At
2
/2). It is possible to make

nique becomes clumsy and bulky as the number of pulses V (t) = Vc t0 + tmt).

in a burst increases. Therefore, it was desirable to

develops a system which requires only one intermediate
storage capacitor and recharge that capacitor in the III. The ATA Master Trigger System
time bet Jeen pulses.

One method of accomplishing this is called The early completion of the ATA master trigger

"Command Resonant Charging." The concept is illus- pulser afforded an excellent opportunity to material-

trated in Fig. I where switch ST is closed at the ize ideas on an actual full-scale magnetic switch.
time T I and capacitor C2 begins inductively charging This pulser was constructed to supply an n 100-J
from the energy stored capacitor Cl . At the time TTT, pulse capable of providing a low-jitter trigger to
switch SIT is closed to halt the charging process. four of the ATA spark gaps. A simplified schematic
Finally, after allowing enough time for switch S9 to of what became of the final system is shown in Fig. 4.

recover (open), switch STI can he closed and the The 0.5 ufd intermediate storage capacitor is

energy stored in C2 is transferred to the load. charged via a single thyratron and 240 uh inductor

The act of closing switch q1T is called dequeing from a 15n ufd capacitor bank. Voltage on this

and is used to achieve a constant final voltage on C7 capacitor is measured by a differential divider which
even though the voltage on capacitor Cl droops during subtracts off the voltage drop appearing on the output

the burst. during charging. The capacitor is arranged in the

circuit in this manner so that the charging current

II. CRC Compensation resets the magnetic switch.
The output of the differential divider is com-

The major source of error associated with de- pared to a reference voltage and a single dequeing
queing type regulation comes as a result of the in- thyratron halts the charge at the desired voltage. A

terval between the time one measures the desired volt- 2 M bias resistor holds the magnetic material at
age on the intermediate storage capacitor and the -8,at until two thyratrons are fired providing a

firing of the dequeing tube. Attempts were made to 1 Us transfer of the energy in the intermediate

minimize this interval, but because of turn-on times storage through the Q:l stepup transformer into the

of thyratrons and pulse amplifiers as well as time first stage capacitor of the magnetic switch. Two
lags in cables, time intervals much less then I Us stages of compression yield a 150-kV pulse into the
became impractical. Such a time lag could result in 12-Q load.
as much as a 77 voltage error with a 20 us charging
time. This problem is illustrated in Fig. 2. IV. Control Circuitry

It is possible to compensate for this effect if
one can predict the voltage on the capacitor in ad- The dequeing circuit consists primarily of a TTL
vance and start the dequeing process appropriately high-speed comparater and peripheral line driver. The

is
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output pulse drives a MOSFET amplifier. The output Therefore

from this amplifier triggers the SCRs in a 3-kV, 50-0
amplifier, which is actually an SCR-driven magnetic NA AB

switch. The output from this amplifier triggers the Tsar <v>
CX1538 EEV thyratron. The complete system has
demonstrated a jitter of less than 0.5 ns and is
capable of running at up to 1 kHz average repetition where

rate.
<v> .5 V

A block diagram of this control system which is
contained in a single 8-3/4-in.-bigh rack mount NIM
bin is shown in Fig. 5. and if

The actual operation is presented by Fig. 6.
Here it is possible to see the effect of deoue regu-
lation on a 50-pulse burst at 10 kHz. The variation dT
of the output timing when there is no dequeing illus- d . e
trates the most important reason for achieving good
regulation on the input of a magnetic switch.

There has not been any mention 
above of how

several magnetic systems can be synchronized together

to control the output pulse timing to within fractions 
delay Tdela

of a nanosecond. This is certainly a non-trivial V
matter; in fact, it was once assumed impossible.

Thus, we address it here.

We will begin by stating that it is indeed and

possible. On the ETA accelerator the jitter between

the timing of the anode voltage waveform, determined 3Tdelav Tdelav

by the magnetic trigger system and the grid voltage 5 A

waveform (determined by the magnetic grid driver) is 
s

typically 161 ns. This jitter is determined by the

switch chassis thyratron jitter and changes in the Hence
saturation time of the inductors in the magnetic

switch. 3vS
The thyratrons used are the FEV C7Xl%3S. These Ta Jitter - T * - T

tubes are built with a keep-alive electrode which pro- s

vides a constant low-level ion density in the tube be-

tween pulses. The best measurement of jitter in the where
anode delay time we have made is an upper limit of
1.5 ns. AO = f (temperature, reset bias)

Variations in saturation times pose a much more s

serious problem. There are two effects which lead to
these variations. The saturation time is derived hv

combining the material properties with Maxell's
equatins. Te changes in AB, were eesily handled bv both

e1uet ions, accurately controlling the reset pulse timing and the

tempeature of the HV insulating oil in which these
t Ld Nswitches are immersed. The temperature control was

VLdt NA AB achieved by circulating the NV oil through a heat

exchanger.

CRCCHARGE TRIGGER TO CCCHA TU B(TT.L OR ECU 3Kv AMP 1

V AMP !STORE THYRATROIW

1000: 10fFERENTAL DIVIDE

AT INTRMEDIATE

S O E C P C T R4 C H A N N E L L T o acR o e - U E T Y R T O N
STR CP0ro 300V AMP. 3KV AMP b

FAST OE-OUIE COMPARATOR

SLAMSCA

Fig. 5. 10 kz controller (NIMS).
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50 PULSE BURST WITHOUT 50 PULSE BURST WITH
DE-QUE REGULATION .1% DE-QUE REGULATION

INTERMEDIATE STORE

SOOuaec./dlv.,Skv/dlv.

INTERMEDIATE STORE

20uec./dlv.,/fkvldlv.

MAGNETIC SWITCH

FIRST STAGE CAPACITOR

200lsec./dv.5Okv/dIv.

OUTPUT PULSE
50n*ec./dIv..,5Okv/dIv.(12 OHM)

6ig. f. Voltage reuulation and jitter.

Returning to the problem of voltage variation, yield changes in saturation time which vary the thyra-
T
delay in our case is of order I ua and to obtain a tron trigger time to compensate for the predicted cum-

0.5 ns of output timing variation would require a mulative changes in saturation times of the magntic
voltage regulation of V .1 51. The actual voltge regu- switch. A demonstration of the usefulness of this
lation measured was n.n5T, so in this case we will device was provided by the ETA magnetic wrid driver.
leave things as they are. However, an alternative for We purposely spoiled the regulation on the rRC. The
good regulation was developed. Measuring the voltage results are depicted in Fig. 7. The basic concept i-
to 0.01 accuracy is fairly straightforward, and with further illustrated in Fig. R.
this information the changes in timing of the output
pulse can be simply calculated. In principle, it V. Results
should be possible to delay the trigger to the switch
chassis thyratrons by varying amounts to compensate While magnetic switches do somewhat complicate
for this effect. the drivine and control circuitry, we feel at least

This is the operating principle of the "Voltage for our application that they are worth the oxtr
Variable Delays." These devices compare the voltagp nuisance.
on the primary capacitor with a dc reference supplv
,ith better than 0.011 regulation. Any differences Acknowledgments
n voltages will induce a corresponding bias current
in a saturable inductor located in the low-level trig- The authors would like t,' thank .' . 4elville

ger system. The changing bias current is adiusted to for inventing the magnetic switch.
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METALLIC GLASSES FOR MAGNETIC SWITCHES

Carl H. Smith

Allied Corporation
Metglas Products

6 Eastmans Road
Parsippany, New Jersey 07054

Summary Compositions

Melt-spun ferromagnetic metallic glasses are Most soft ferromagnetic metallic glasses of
available with high resistivity, high saturation practical interest are eutectic (lowered melting
induction and thin ribbon geometry. These properties point) or near-eutectic alloys of approximately 80

make them of interest for magnetic compression of high atomic percent of one or more transition metals Fe,
power pulses. This paper presents background Ni, Co and 20 atomic percent metalloids, or semi
information on metallic glasses and their properties. metals 5, Si, C and P. Various other elements such as
Magnetic switching is discussed relative to these Mo, Ge, Cr and Al are often added in smaller amounts.
properties including some results of current research Alloys are chosen for desired magnetic properties, for
efforts utilizing metallic glass ribbon, glass forming ability and for stability against

crystallization. Metallic glasses are, as are most
products of physical metallurgy used in research and

Introduction industry, not in an equilibrium state. At
temperatures above approximately 60 percent of their

Ferromagnetic metallic glasses, or amorphous melting points metallic glasses rapidly crystallize
metals, have received considerable attention recently with an exotherm corresponding to their trapped latent
as core mttirials for saturating inductors in magnetic heat of fusion. Alloys which are selected for
switches. The need for high-reliability, commercial applications must have extrapolated
high-power, pulse sources for accelerators and lasers, lifetimes of hundreds of thousands of years at normal
often with capabilities of high repetition rates, has operating temperatures.
led several laboratories to refine and scale up in
power level pulse compression 6 techniques first Production
invented for radar in the 1950's. Metallic glasses
with attractive properties for saturable reactors - Although amorphous alloys can also be produced by

high saturation induction, high squareness ratio, and vapor deposition ard by electroplating, current

high resistivities - became commercially available in production of commercial quantities are achieved by

thin ribbon form at approximately the same time as forcing a thin stream of liquid metal into intimate
this rebirth in interest in non-linear magnetics. contact with a moving, chilled metal substrate with

high thermal ccr.dugtivity, To achieve the required
This paper presents a background on metallic cooling rates of 10 to 10 K/sec, the ribbon produced

glasses - what they are, how they are produced and must be thin - 100 micrometers or less depending upon
their relevant magnetic and mechanical properties. A the alloy and the apparatus. Widths greater than a
brief discussion on magnetic switching and its few millimeters require the expedient of placing the
relation to the materials properties of glassy metals nozzle of the crucible containing the molten alloy in
is included. Finally, some results of current very close proximity to the substrate. See Figure 1
research on magnetic switching for pulse power are for an example of planar flow casting. A continuous
presented. ribbon approximately 25 micrometers thick by 50

millimeters or more wide can be produced at 15 to 30
meters per second. Catching and winding the ribbon

Metallic GO.,ses

Glasses are solids in which the random order of a
liquid has become frozen in place. They do not posess
the usual long-range order found in crystalline
solids. Duwez in 1960 found that such an amorphous '<>--'''
structure could be produced in alloys of metals aad
semi 1etals by extremely rapid quenching from the
melt. The years since 1960 have seen tremendous men
world-wide activity in develooino alloys. oroduction
technology, applications and scientific understanding
of amorphous, rapidly-quenched alloys. Many articles Sumsle
review 8Wious aspects of this new class of
metals. - The existence of ferromagnetic metallic
glasses has spurred much of this interest.
Ferromagnetic exchange interactions require only Figure 1. Production of metallic glass ribbon by
short-range order. planar flow casting.
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and continuous metal feed to the nozzle are production The properties of amorphous metals can be altered

problems which have been solved ina prototype METGLAStS* by annealing at temperatures below their

ribbon production facility in Parsippany, NJ as crystallization temperatures. Annealing serves to

shown in Figure 2. METGLAS ribbon is currently relax the residual stresses from quenching, as well as

available with nominal 28 micrometer thickness, 25 and the bending stresses introduced during core

50 wide. Ribbon as wide as 170mm has been cast fabrication. These stresses can alter the magnetic

experimentally, properties due to the magnetostriction of the
materials. In addition, the domain structure can be

altered by annealing above or near the Curie
temperature in the presence of a magnetic field. The

easy direction of magnetization can be oriented
parallel to the ribbon directions for maximum

remanance and squareness or perpendicular to the
Oribbon direction to produce a more linear magnetic

Ma material with low remanance. Annealing alters the
short range order, slightly increasing the saturation
induction, but also somewhat increasing the

Casting Measurement Thread-Up and Winder brittleness of the material.
Wheel System

Table 1 summarizes some of the properties of

Figure 2. Production casting of metallic glass ribbon, three metallic glass alloys of interest for magnetic
switches and modulators.

Properties
METGIAS 2F05SC is an iron-based, high induction

Ferromagnetic metallic glasses have a unique alloy made from relatively low cost raw

combination of mechanical strength and extremely soft materials. It was oriqinally developed for

magnetic properties. The strength is due both to distribution transformers.
their disordered structure and to the strong bonding

between the metal and metalloid atoms. The soft METGLAS 2605CO has the maximum saturation

magnetic properties are due to the lack of induction obtained by substitutinq cobalt for

magneto-crystalline anisotropy and the lack of grain some of the iron.

boundaries to impede domain wall movement. In

addition, the atomic disorder results in resistivities METGLAS 2826MF is an iron-nickel based alloy.

which are two to three times those of crystalline The hioher resistivitv and extremely low coercive

metallic alloy tapes and, therefore, lower eddy force make it potertially irteresting for hiah

current losses, frequency radar modulators.

Table 1. Properties of METGLAS Alloys.
12

2605SC 2605C 202AMP

Physical Properties

Composition (atomic %) FeIPI .S.C, Fe 67o A Si 'io4
13.5 3.5 6 7 18 14 1 .. * 4 14

Density (gm/cm3) 7.3 5.02
Crystallization Temp ('C) 480 43 411

Resistivity ( u P m) 1.25 1.3(0 !.60
Ultimate Tensile Strength

(G Pa) .7 I. 2.4

Magnetic Properties (as-cast 
)

Saturation induction (T) 1.57 1.75
Induction at 80 A/m .80 .R0

Remanance from 80 A/m MT1 .67 .70
Coercive force (A/m) 6.4 6.4

Curie temperature (-C) 370 4115
Saturation magnetostriction

(ppm) 30 5 2

Magnetic Properties (field-annealed)

Saturation induction (T) 1.61 1.10 10
Induction at 80 A/m MT) 1.54 1.61 .)3
Remanance from 80 A/m (T) 1.4^ 1.60 .60

Coercive force (A/m) 3.2 4.2 .0

METGLAS is Allied Corporation's registered trademark
for amorphous alloys of metals.

Some as-cast properties are influenced by diameter of torcid. Data
taken on 42mm diameter toroids.
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Magnetic Switching The behavior of a thin metallic, ferromagnetic

ribbon in tape-wound cores under fast-pulse
Several papers mentioned previously discuss the magnetization is frsCribed by saturation-wave theory

basic concepts of magnetic switching. Rtep proposed by Ganz. Each layer is divided into three
comprehensive treatments are also available, regions shown in Figure 5 - a central region,
Only the basic concepts will be discussed here to uniformly magnetized in its original state, (shielded
provide a framework for discussing the relevant by eddy currents); an outer region, saturated in the
properties of metallic glasses. direction of the applied field; and the domain wall,

propagating inward as rapidly as allowed by eddy
Basic Magnetic Switches current shielding. Applying this theory to modulator

cores, Nunnally has shown that parameters of interest,
The non-linear permeability of a square-loop leakage current and eddy current losses, scale as the

ferromagnetic material allows a saturable inductor to tape thickness squared divided by the resistivity, and
be used as a "closing" switch - that is a switch which the time between inner-wrap and outer-wrap saturatign
delays the application of a voltage to a load as shown sjajs as the square root of the same factor, t
in Figure 3. Before the core becomes saturated, the Therefore, thin materials with high resistivity
high permeability of the core results in a high are advantageous. Fabricating large cores from
reactance and most of the voltage appears across the extremely thin materials without plastically deforming
coil. As the core becomes saturated, the permeability them and altering their magnetic properties is
of the core rapidly decreases to near unity and the difficult. Therefore, high strength is a bonus.
reactance decreases to a low value thereby applying
the full voltage across the load.

ibi

Ckcut Diagrsm Vollaeg Wavelors

Domain Wall
Figure 3. A magnetic switch.

When capacitors are added and several stages are Peffomagnetc Tape
present, we havC the familiar Melville line in Figure
4 which compresses the pulse at constant vnltage with Figure 5. Magnetization of a ferromagnetic ribbon in
gain in current. saturation wave theory.

In either case, the hold-off time or time to Geometry
saturate the core is simply:

To allow a rapid switching and a fast pulse
t = ABNA/V. (1) rise-time, there are several design considerations

involving both material and geometry. The saturated
Where aB is the change in induction, N the number of inductance of the coil Ls is given by:
turns, A the cross section area of the core and V the
average voltage across the core. To make a compact Ls . 1o p AN2 /1 (3)
unit, a large change in induction is desirable. s
Therefore, materials should have high saturation where j is the saturated permeability of the
induction. The "let-through" or leakage current material Ind 1 its magnetic pathlenqth. Therefore, in
before saturation is the magnetizing or exciting obtaining volt-second hold off, ABNA, in equation (1),
current,. ia telated to the exciting field H . the it is better to increase A than to increase N and to
number of turns N and the magnetic pathlength P choose materials with high B . Also increasing the

magnetic pathlength decreasess the difference between
I e H I/N (2) inner and outer pathlengths, therefore, decreasing the
ex ex current rise-time at the sacrifice of increasing

How thoroughly the switch turns on is related to the leakage current. Of course, stray inductances and
saturated reactance of the inductor which is both inductances of all other circuit elements must be
material and geometry dependent. What is desireable, minimized.
then, is a square-loop material with high saturation
induction, low losses and low saturated permeability. Typical low inductance geometries are shown in
The first two properties imply a high unsaturated Figure 6. Coaxial geometries with toroidal magnetic
permeability, cores are often dictated in very high voltage systems.

The capacitance of the coaxial conductors, sometime
with a water dielectric, may form part of the pulse

_ forming line.
Sommce od1D:

Stripline geometries with "racetrack" cores are
used in laser modulators where rise-times on the order
of lOnsec are often required. The saturated

Peak Yokae I osei stage constant inductance is minimized by using the large 1 of a
Cw gain a Pulse COnmeeion racetrack. The time between inner- and outer-wrap

saturation is minimized by using magnetic material
EKnW tansmfer efflelrey ow with low t /p as mentioned earlier and by using a

relatively low core build so that the outer pathlengthFigure 4. Series magnetic Pulse compressor. is almost the same as the inner pathlength.
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Vapor deposition of refractory oxides and
condensation deposition of polymers such as Union
Carbide Company's Parylene coatings have been
suggested by several laboratories. However, the cost
of the coating apparatus and in some cases the
material make these techniques questionable for large
switches. Also all coating techniques fail to insure
adequate insulation at the edges - where the highest

Coaxial Conductors Stripline Conductors voltage stresses occur.
Toroidal Core Racetrack Core

Interlaminar insulation by co-winding a thin
polymer ribbon which is wider than the ferromagnetic

Figure 6. Low inductance geometries, ribbon has been successfully5 used with metallic
glasses in large toroids. ' Mylar films are
available in fractional mil thickness as are polyimide

Reset films. Polyimide films are much more expensive than
Mylar, but can withstand the typical annealing

The flux excursion of the core, 6B, depends upon temperatures for metallic glass ribbon of 350-400*C.
what method is used to reset the core after Either film provides several hundred volts insulation
saturation. If no reset is used, the core returns to even in fractional mil thickness. The typical
its residual magnetizat-ion and AB is B - B . breakdown voltage of one mil films1 S 5000 V/mi] for
Therefore, a low value of remanance is dehireabl . Mylar and 7000 V/mil for polyimide.
With a cut core the demagnetizing field reduces the
residual magnetization to nearly zero, and 3 can be Fabrication
as large as B . If a pulsed reset is used and the
core is saturated in the negative direction and most saturable switches use closed loop magnetic
allowed to return to minus remanance, the flux circuits. These are ideally suited to metallic glass
excursion will be r + s . In such a system high ribbons which can be wound into toroids or racetracks.
values of remanance are desirable. In a circuit If the cores are to be annealed to maximize remanance,
without reset, ringing may serve to partially reset the insulation must withstand the annealing
the core in a similar fashion. Finally, if a constant temperatures. Also any winding mandrel which is
dc reset is applied to the core, the full flux swing annealed with the core must have a coefficient of
of twice B is available, thermal expansio less than that of the metallic

glass, 5-10 x 10 %/K. Due to the extreme strength of
Insulation metallic glasses aluminum mandrels have been known to

buckle during annealing, due to their higher
The method of reset and the necessity of coefficient of thermal expansion. Even the

insulation to substantially reduce inter-laminar eddy accumulated winding stresses at 20-50 Newtons force
currents influences the fabrication of cores and can distort mandrels during winding.
whether or not they are annealed. The voltage induced
between layers can be calculated for a tape of Anneal cycles for large cores must be carefully
thickness t and width w by using Faraday's law of designed to prevent overannealinq due to accumulated
induction. A line integral is chosen encircling two time-at-temperature during slow heat-up and cool-down.
adjacent layers and the voltage is assumed to be Slowly heating to 50 to 100C below the anneal
divided between the two interfaces, temperature can insure more uniform high temperature

exposure of all parts cf the core. Smaller test cores
V - wtdB/dt. (4) can be used to test controlled-temperature cycles.

Since the inner and outer wraps do not saturate Encapsulating finished roroids after annealing,
at the same time, dB/dt will exceed the change in to protect them from mechanical damage or from rusting
induction divided by the average time to saturation, if used in a water dielectric, must be accomplished in
In a core with a large OD/1D ratio, the peak voltage such a manner to avoid stressing the ribbon.
between I ayers can easily be twice the average Impregnation is likely to put a face stress on the
voltages ribbon and, thereby, 3 comprossive stress via the

Poisson's ratio, due to changes in dimensions during
Insulation can be applied either as a coating or curing. A coating of a viscous castino material, over

as a separate inter-laminar layer with margins. Many a protective layer such as fiberolass tape provides
of the coating methods developed for other protection without stressing the core. The exposed
ferromagnetic tapes can be used for amorphous metals, insulation margin may also prevent the encapsulant
Coatings of MgO from magnesiy methylate in methyl from penetrating between layers during such coating.
alcohol form an adherent film . Breakdown voltages
of up to 40 volts for multiple coatings may be Cut cges of metallic glasses have been recently
possible, but MqO is usually used for only a few volts developed. Care must be taken in both cutting and
per lamination which corresponds to saturating 50mm in choosing a method of binding. The ribbon, while
by 25 lim tape with B a 1.6T in 1 Usec. However, care hard and relatively difficult to cut, does not tend to
must be used in applfing MqO since the mthylate tends smear over or the cut edge minimizing problems with
to hydrate before it is annealed, and most of the shorted laminations at the cut.
information developed on this technique utilized the
much higher annealing temperatures of NiFe ribbons.' Current Research

Many other dip or spray coatings can be in the last two years, several papers have been
considereds however, chemical compatibility with the presented with results on magnetic switching with
ribbon must be considered and water based processes metallic glasses. Several papers have been mentioned
will cause rust. The thermal coefficient of expansion earlier, and additionaliesults are discussed in other
also must be reasogably close to that of the metallic papers in this session.' Most of these efforts have
glass, 5-10 x 10 /K, to avoid stresses which will involved pulse sources for accelerators, lasers or
degrade the magnetic properties, radar. In most cases, magnetic switchina is beinq
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DEVELOPMENT OF STRIPLINE MAGNETIC MOOULATORS

W. C. Nunnally, J. Power, T. E. Springer.
A. Litton, P. N. Mace, and K. W. Hanks

Los Alamos National Laboratory
Los Alacmos, NM 87545

Introduction I. system volume constraints
2. load geometry and coupling inductance

Stripline magnetic modulators are a subset of gen- constraints
eral magnetic modulator systems designed for high- 3. capacitance, inductance, current density, or
power applications requiring a fast risetie into a resistance reduction
lot impedance load such as an electric discharge
laser. This paper discusses the circuit and system MULTIPLE/CORES

requirements that lead to the use of the low induc-
tance stripline geometry and discusses the experi- HIGH-VOLTAGE
mental program to evaluate several core material,
insulation, and fabrication process combinations. In CONDUCTOR

addition, the partition of the observed energy loss
into eddy current, other viscous, and hysteresis loss
components is discussed.

Design Requirements for Stripline Magnetic Modulators

Magnetic modulators are used to time compress a GROUND
low pcwer, long duration pulse into a high-poter,
short-duration pulse. In a resonant transfer of- Q eDT
energy, the total mesh inductance LT is related to
the energy to be transferred ET in time T at Fig. ]a. Low inductance stripline saturable inductor.
voltage Vo by

LT - (-2RT) r (1) MULTIPLE CORES/T
Houever, in an Impedance transfer between transmission
line sections to generate a transit tine square pulse, OUTER
only the risetine Tr Is dependent on the total circuit CONDUCTOR
inductance LT and independent of the voltage or energy
and is given by

LT 7 CENTER

Tr  2.2 LT , (2) CONDUCTOR

where Z, and Zo are the input and the output trans-
nission line impedances, respectively. Thus low total
inductance is required to generate a snall risetine in Fig. lb. Low inductance coaxial saturable inductor.
a low impedance load assuming the switching tine is
i.vich less than the desired risetirie. The total induc-
tdnce is comprised mainly of the saturated switch Circuit Development for Fast Electric Discharge Lasers

inductance, which is given by The final stage circuit design for a magnetically

switched laser driver is shown in Fig. 2a. Simula-
tion of this circuit indicated an unacceptable energy

L o sat N TAT "osat NT Vo Tsat loss to the inductance in parallel with the laser.
LT Lsat (3) Another solution to this problem is illustrated In

Fig. 2b, %there a transmission line with a two way
transit tine equal to the switch saturation time is

where ~sat , saturated permeability, placed between the output switch and the open laser
ihr a permaeability of free space. load. Thus the energy leaking through the switch is

S  . numerab of ductor Ise stored in the transmission line, which also serves as
A nuer tof conuctro etun' d load to saturate the output switch. This arrange-

AT the ttaler core ro etn, rent is much more desirable if the laser breaks down
the average core length, instantaneously as the pulse doubles at the open cir-

St saturation tiue, and cult laser load. If the laser has a delay in break-
-uagnetic flux swing (d cr' droim or if a still loer impedance is required in the

early phases of laser breakdown, the laser can he
The shortest core or minimum value of <t> for the induc- located at some point in between the output switch
tance required in Eq. (3) occurs when NT - 1. For and the open circuit end of the transmission (Fig.
low values of LT at large voltages and saturptio', ic).
times on the order of 100 ns, cJ," can become largo The development program addressed in this paper
and physically can he satisfied in the two geometries will evaluate the core material and fabrication/
shown in Fig. 1. Thus, the following considerations insulation techniques listed in Table I. Thealso influence the stripline geo.mtry used. specific points of interest include evaluating the

difference betieen annealed and unannealed core
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TABLE I

PARAMETERS OF TEST CORE SETS

Core Magnetic Thickness Width <L> Insulation

Set Material (u) (cm) (n) Annealed System

1 2605 SC 30 1.25 1.5 No Kapton

2 S0-50 NiFe 25 2.5 2.5 Yes 6 coats MgO

3 2605 Co 25 2.5 2.5 Yes 6 coats MgO

4 2605 Co 25 2.5 2.5 Yes 3 coats MgO
1/3 1il Kapton

PULSE FORMING MAGNETIC INTERMEDIATE STORAGE TRANSIT

LINE SWITCH LASER IUTLINE ISOLATION LIE

FROMMODULATOR

/ t n< 5 s M Ec sn LOADZI SWITCHCARGING CORES
INDUCTOR

Fig. 2a. Bypass inductor.
Fig. 3. Magnetic switch test circuit.

was constructed and instrumented to accurately oeas-
ure core switching and energy losses as well as toPULSETRANSMISSION develop a magnetically switched laser driver for theFORMING Applied Photochemistry Division at Los Alamos. The

LINE LINE LSR initial tests were conducted using a single pulseLASER system and varying the switch saturation tine by
changing the series inductor of Fig. 3 and theZIZ
initial voltage on the thyratron nodulator-charged
capacitor bank.

Fig. 2b. Transit time isolation. Experimental Procedure

The single-pulse energy loss was measured through
the voltage and current waveforms and determined by

PULSE E L  f Tsat Vs(t) Is(t) dt (4)
FORMING 0 '
LINE LASER

where

ZI zO ZO Vs(t) - voltage across the magnetic switch
Is(t) - current through the switch, and

_ _, EL = the total energy loss due to eddy cur-
rents, other viscous processes Including

TRANSMISSION spin relaxation damping, and hysteresis.
LINE The voltage current and energy loss data were also

calculated numerically in a circuit simulation cou-Fig. 2c. Intermediate location for breakdown delay pled with a simulation of the magnetic field diffu-
or lower initial impedance. sion into the core laminations. An analytical repre-

sentation for the local relationship of the magnetic
systems with respect to losses and switching, evalu- flux density and the local permeability to the dlffu-
ating the difference between film insulated and coat- sing r.ugnetic field were used to Include the effecting insulated materials and the accurate measurement of material parameters. The material parameters in-
of core loss to be partitioned into eddy current, clude coercive force Mc, the material remanent and
other viscous and hysteresis categories for direction saturation magnetic flux densities Br and Bs, and
in material choice or future development, a viscous loss factor (VLF) defined by

Test System Description VLF - EA

An experimental facility consisting of a water-
filled tank with plexiglas sides with the 1-m-uAdt, where EA is the remaining viscous energy loss and
double-sided, 1-4, stripline test circuit of Fig. 3 EE the eddy current energy loss. The voltage drop

due to stray (nonferromagnetic) inductance can be
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subtracted from the experimental data or included in materials, the spin relaxation damping is much less
the calculated voltages, which are compared to the than eddy current effects until the thickness is
experimental values. reduced to 1/4 mil (.001 in.). 4  The ratio of

The computer simulation parameters were varied to OR to BE can be equated to VLF, which can be
obtain agreemnt with the observed waveforns. Vanr- determined from a computer fit of experimental
ation of the hysteresis parameter (Hc ) has a differ- waveforms assuming the calculated value of the eddy
ent effect on the simulated waveforms than does vary- current energy loss is relatively correct. The
ing the effective material resistively, and thus the relative importance of hysteresis loss can also be
hysteresis loss can be separated from the eddy cur- determined.
rent and similar viscous losses. The simulated eddy
current loss is assumed to be accurate, and then the Preliminary Results
remaining energy loss is attributed to viscous
factors. A 1-Q stripline magnetic modulator output stage

has been tested that delivers a minimum of 125 J at a
Energy Loss Partition peak power greater than 2.5 GW in a 50-ns pulse into

a matched ducy load using core set No. 1. The
Magnetic domain velocity measurements have shown effect of magnetic material losses produces a pulse

that domain wall movement is resisted by a force base broadened to about 400 ns with a switched
proportional to the wall velocity or viscous damp- risetime of 40 ns when the magnetic switch is satur-
ing. In addition, effects due to inclusions and ated in 100 ns. A much more plausible design is a
irregularities in the material are taken into account system in which the output switch is saturated in
by reducing the drive magnetic field H y an amount iore than 300 ns to reduce losses. Three core
HQ roughly equal to the coercive force. The materials and two core insulation techniques have
viscous damping parameter, 8, consisting of the been evaluated at saturation times between 100 and
eddy current contribution, BE, and the relaxation 300 ns. A NiFe core exhibited such large losses that
component, 3R- is usually etermined from the it has not been considered further. An annealed
wall velocity, X, given by', Metglas 2605 Co core with Kapton insulation remains

to be evaluated.28s (H-Ho )

E + aR .2 (6) Computer simulations of the magnetic switching or
saturation process, (including the effect of material
resistivity, material B-H characteristics, and the

The eddy current contribution is usually defined by test circuit) have been used to partition the obser-
ved energy loss into eddy curent loss, other viscous

(45 loss including spin relaxation damping, and hystere-

1. d sis loss. The computer simulation results were
13E . I. CC Ito (7) matched to the experimental waveforms by adjusting

the B-H curve width (H), the values for the effec-
tive material resistivity , and the values for the

which decreases with material thickness d. material saturation and remnant flux densities (Bs
The relaxation contribution to Sp and 8r. The values of energy loss for the core

defined ab can be sets evaluated are shown in Table I[.

The NiFe core is not included because of high losses,
8R 4 + 12) w l/1 2 % and the Kapton insulated annealed core set No. 4 has

4.( A not been delivered by the manufacturer. The ratio of
(8) dR/BE, determined from a computer simulation

atc to experimental data, can be used to calculate
Girere a Gilbert damping parameter, a using a calculated

- Gilbert damping constant, value of BE and Eqs. (7) and (8). Values of a,
y . gyromagnetic rdtio, usually determined with a ferromagnetic r sonance
K . anisotropy energy, technique, are on the order of 0.02 gm/cml-s for
A . exchange stiffness constant, and metallic glasses. However the values determined from
Os  • saturation flux density the simulation matches are much larger as shown in

Table I. The value of x for core set No. 1 is on

the same order of magnitude as those observed in wire
if the parameters that determine BE and FR saturation velocity measurements 0.1 < a < O.S. The

are relatively independent of frequency (slowly vary- large ratio of 3R to 31 for core set No. 3 could
ing) in the range of interest, the contribution of indicate that the netylate coat core insulation has

dE should diminish as the material thickness is failed and that most of the viscous loss is due to
reduced. In addition, the values for OR in amor- enhanced eddy currents. Evaluating core set No. 4
phous materials are extremely low; therefore, the with Kapton insulation will help verify this
spin relaxation damping should he sna;l. In NiFe observation.

TABLE I1

PRELIMINARY CORE EVALUATION DATA

Enerogy Loss (kJ/ma3

Core AE o R , Tat Eddy

Set (gn/cW2 -s) L (g.i/c,.--S __ (ns) Current Viscous Hysteresis Total

3 4.0 7 28 2.0 100 1.6 11.4 2 15 4
1 3.8 3 11.4 0.9 100 ? ' 4 12

3.8 7.F 0.6 1100 0.7 1.A 4 6
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Another important observation from cores tested
to date is that hysteresis energy loss is low con-
pared to the viscous loss. In addition, because

SE is proportioned to the ;.wterial thickness d,
additional reduction of energy loss can be obtained
by reducing the material thickness until 3f > ' 6E
or R/

3
E > > I. Because 

3
E is proportiona' to

the material thickness d. With the available material
thicknesses, only changing material parareters can
reduce the viscous losses appreciably.

Stripline nagnetic modulators using long core
lengths can be developed to drive low impedance loads
NI 2) with risetines limited by magnetic satur-
ation losses to about 50 ns when saturated in less
than 300 ns. The observed core losses can be parti-
tioned using conuter simulation of the magnetic
saturation processes. The partitioned loss infor-
mation can then be used to determine the material
thickness that minimizes the eddy current loss con-
tribution to the total viscous loss. Further
reducing the total energy loss further requires
changing material parameters.
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HGk: ErC IODULATOR FOR LOW-IMPEDANCE
DISCHARGE LASEKS*

E. Y. Chu, G. Hofmann, H. Kent, T. Bernhardt

Maxwell Laboratories, Inc.

8835 Balboa Avenue
San Diego, California 92123

Summary A more promising approach appears to be a magnetic
pulse compression systum. Since magnetic switching

Recent applications of low-impedance discharge action does not require the formation of a conduction

lasers in communication, isotope separation, etc., re- plasma, it does not have the life limitation normally

quire a pulse power driver capable of operating associated with electrode erosion or cathode

reliably, as well as efficiently, for 109 to 10 1 depletion, as in gaseous devices. The required

shots at repetition rates of 100 to 1000 Hz. starting switch in a magnetic-pulse compression system

A promising approach for meeting these require- can be a single thyratron or a solid-state device,

ments is magnetic-pulse-compression technology. In depending on trade-offs between cost and operating

this paper, we discuss the design of a 50 kV, lifetimes.

150 J/pulse, 0.5 ohm magnetic modulator for a mercury- To verify the compatibility of L t magnetic

bromide discharge laser. The modulator is basically a switching modulator and the mercury-bromide laser, a

two-stage series-switching device whose output pulse system with the following performance parameters was

shaping is obtained by using a 2-section type A or a constructed:

6-section line-simulating network. Switching inductor

cores are constructed of Metglass (Trademark Allied e Efficiency: -75%

Corp.) ribbons with Mylar insulation. * Impedance: 0.5 ohm
* Output pulse risetime (10-902): 40 na

Output pulses with risetimes of less than 40 as * Nominal output pulse length: 120 ns

(10-90%) and nominal pulse lengths of 120 ns are
*Output pulse energy: 150-300 J

observed. Overall system efficiency is found to be 0 Oe
*Rep-rate:0.H.

approximately 75%.

The Modulatortntroduction

The modulator is a two-stage, series-switching,
the idea of using saturating reactors as

discharge devices for pulse generators was discussed magnetic-pulse-compression device. Figures I and 2

by Melville' in _951. Since then, applications have show a block diagram and a simplified schematic

been largely limited to radar modulators. Recently, diagram of the modulator. It consists of three sets of

new system requirements not easily met by using energy storage capacitors: the primary energy storage

conventional switching techniques (such as ignitrons, capacitor C1, the intermediate energy storage

thyrstroos, and spark gaps), along with the capacitor C,, and the pulse-forming network (PFN).

availability of more suitable magnetic materials, have The thre sets of capacitors are chosen to have the

rekidle ineret i moneti-puse-ompession same nominal capacitance to maximize energy transferrekindled interest in magnetic-pulae-compression

techniques. Birx2, Nunally 3, and VanDevender4 have efficiency between stages.

discussed applications ranging from high rep-rate

trigger systems to single-shot super-power generators.
The work we are reporting is motivated by the - --

need for a pulse power driver with:

* Long life (1011 shots)
a High efficiency, (>702)

a Moderate rep-rate (100 Hz)
9 Low impedance (0.5 ohm)
* Fast risetime (<40 as)
* High voltage (50-70 kV)

for a mercury-bromide laser which will ultimately be

space-based. The driver presently in use employs an Figure 1. Block diagram of magnetic switching modulator

electrically triggered rail-switch for low inductance
switching. To extend present rail-switch technology,
though, to meet the rep-rate and life requirements of
the space-based system constitutes a significant ifrL S'

not impractical switch-development effort. It is .v. P

conceivable that thyratrons may meet the life

requirement of 1010 shots, but it is unlikely that a
single thyratron would allow a sufficiently fast

discharge for satisfactory long-life laser C1 2. 120F

performance. Hlowever , the possibility of using
parallel thyratrons is currently being pursued at
Mathematical Sciences Northwest. T(
a Work is supported by subcontract from Mathematical

Sciences Northwest, Inc., NICO Contract No. Figure 2. Simplified schematic diagram

N0123-81-C-0939. of magnetic switching modulator
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The primary energy storage capacitor, consisting
of ten 12 nF capacitors in parallel, is dc charged
from the high voltage power supply. C,, consisting
also of ten 12 nF capacitors in parallel, is
resonantly charged by C1 when the start switch S,
receives a command pulse from the trigger generator.
The magnetic switch , is designed to remain
unsaturated while C, is resonantly charged, and to
saturate when C. reaches the desired voltage. The =
saturation of S, allows the energy stored in C2 to
discharge into te PFN. Similarly, the saturation of
the output switch S3 provides a rectangular pulse to
the matched load.

L is a saturating reactor normally biased in the
forward direction. It is saturated for energy
transfer from C1j to C2. Its function is to minimize
the surging back of energy from C, to C .

Control of the "volt-seconds" o S2 and S3 is
achieved by bias current pulses through auxiliary
windings. The exact bias is determined by the
relative delay of the start of the reset/bias current
pulse and the triggering of switch SI. The amount of Figure 4. Photograph of magnetic modulator
bias required depends on the operating voltage of the
modulator. The capability to vary the individual
switch bias independently allows near-optimum technique . Based on these measurements, the energy
operation of the modulator over a wide range of dissipated in C1 is expected to be less than 0.5%, and
operating voltages (50 to 70 kV). This important and in C, less than 2% of the initial stored energy in C,.
unique feature aids in the optimization of overall

laser performance.
The geometry of the modulator is that of a Spark Gap S,

tri-plate transmission line. The capacitors are
arranged symmetrically on both sides of the high A spark gap is chosen as the start switch for the
voltage bus plate. Current-return bus plates are present low rep-fate system as a matter of
arranged to minimize system inductance and to form a convenience. The spark gap is a conventional,
supporting structure as well as an EMI enclosure for three-electrode, 100 kV Maxwell switch (Model Number
the modulator. A cross section drawing of the 40144). Triggering is achieved with a nominal 8.5 ns
modulator layout is shown in Figure 3, and a risetime, 50 kV trigger pulse. Jitter associated with
•hotograph in Figure 4. the closure of S, is less than 2 nas.

For the 100 Hz, space-worthy system, the spark
Circuit Components gap is expected to be replaced by one or more high

voltage SCR stacks, voltage step-up transformers and
additional pulse compression stages.Capacitors C 1 , C,

To achieve the high efficiency desired, it is Magnetic Switches S2, S,
important to minimize the dissipation in every
component. To this end, capacitors C and C are of The switching inductor cores are 1-meter-long
all polypropylene dielectric, extended foil "race-tracks," as shown in Figure 5. These cores are
construction. The individual capacitor has seven tape-wound cores constructed of 1650 layers of I ail
series sections to achieve the 70 kV voltage rating (23.4 wm) thick, 2 inch (5.1 cm) wide Metglas 2605 SC
and each section has three parallel pads to achieve ribbons. Owing to the high voltage stress up to 300 V
the desired capacitance. To minimize eddy-current per turn during the saturation process between Netglas
losses in the capacitor windings, the number of turns turns, 0.24 mil (6 Lm) thick Mylar is used, instead of
per winding is minimized, conventional oxide ,as insulation between the hotglas

The equivalent series resistance (ESR) of each ribbons. The width of the mylar ribbon is 2.1 in.
12 nF capacitor is estimated to be less than 0.2 ohm,
as determined by the differential measurement

OUTPUT CURRENT

CURRENT VIEWING RESISTOR
VIEWING

RESISTOR

SPARK GAP 58,

~PFN
i ' TO tOAD

i C, S3 $
CUPMGNT

11ANSFORMER

Figure 3. Physical layout of magnetic modulator
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100M iOF 40 g4
POWER -TO RESET

SUPPLY WINDING

aw 

MOV

Figure 7. Sasic reset circuit for resetting

saturating inductor cores

Figure 5. The 1-meter-long switch inductor 
core

Firing of the SCR results in a reset current pulse of

(5.4 cm,) resulting in a 63 mil (l.b mm) overhang on approximately 350 A to the reset winding. "he reset

each side ot the Hetglas winding. current risetime is approximately 100 -s. Due to the

The Metglas and Hylar tapes are wound on a presence ot the diode, the current decay time is

1-meter-long aluminum mandrel which remains an considerably longer. The spark gap is normally

integral part of the switching inductor core. Size, triggered during the decay of the reset current pulse.

geometry of the cores, and the physical
characteristics of the Metglas ribbons made winding of Circuit Performance

the cores nontrivial. Successful core winding was The modulator has been operated with charging
accomplished on a specia1 winding nachi-te, designed voltages ranging from 50 kV to 70 kV. System
and built at MaxweLl (paent pending) specifically for performance (efficiency and output pulse shape) is

non-toroidal core eanufcturing. The winding maclitne optimized by adjusting the current in the bias
Keeps the mandrel stationary in the vertical plane. A windings of each saturating inductor. Overall system

revolving platen winds the Motglas and the %lylAr efficiency (defined as the ratio of the output pulse
simultaneously onto the man~drel at constant speed,
tape tension, ,nd pressure. energy to the energy stored initially in C,) varies

Both St and S have magnetic cross-section" areas from 70Z to 77% as the charging voltage varies from 50

of approximately- 40 cm and volumes oa 0.01 m3. kV to 70 kV.

Switch S, has a five-turn winding, whereas S3 has a Figure 8 shows a typical set of circuit current

one-turn winding. The reset/bias is provided by waveiorms corresponding to a charging voltage of 60

additional one-turn windings around the ends ot the kV. The peak dl/dt in the start switch S, is

cores for both S, and S,. approximately 1.2 x 10
" 

A/s, whereas that in the

output switch S is 1.9 x l01- A/s. Output waveforms

The Pulse-Forming Networ.q into a matched resistive load are shown in Figures 9

and 10.

Two PFNs were designed and constructed:

60

" A two section type-A network 3
* A six-section line-simulating network. 501

Both are nominally 0.5 ohm and deliver 120 ns pulses 40 -
into a matched load. The two networks are shown
schematically in Figure 6. The line-simulating z 12

network has more sections and therefore, in principle, u- 30

delivers flatter and faster-rising pulses. On the
other hand, t",e variable inductor (see Figure 6a) in U 20
the two-sectiot, type-A network can be more easily

adjusted to change the slope of the output pulse. 10
Since the laser load is a non-linear, time-varying
load, the type-A network may provide a better match 0 -& ,

for the load because of this adjustment feature. 0 05 1.0 1.5 2.0

The Reset Circuit TIME(sI)

The basic reset circuit is shown in Figure 7. Figure 8. Magnetic modulator circuit currents at

The 100 uF capacitor is nominally charged to 300 V. 60 kV charging voltage

2-SECTION TYPE-A PFN 6-SECTION LINE-SIMULATING PFN
. nF E 5

5nH 5 nM BnN5 nN5 n
OUTPUTOUT

TOma nF T 0 nF " OnF nF nF nO F

1 20 0F .

Figure 6. (A) Two-section type-A (3) Six-section line simulating PFN
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Figure 9. Output voltage and Figure 10. Output voltage and Figure 11. Output waveforms from
current waveforms with current waveforms with five consecutive shots
line-simulating PFN. Type-A PFN. Top at 60 kV charging
Top trace, voltage trace, voltage 10 kV/ voltage. Top trace,
10 kV/div. Bottom div. bottom trace, voltage 10 kV/div.
trace, current 16 kA/ current 19.2 kA/div, Bottom trace, current
div, time 50 ms/div time 100 ns/div 16 kA/ div. Time

20 no/div for both.

By integrating the power going into and out of charging voltage when the modulator operates into an
each component, one can determine energy dissipated in open-circuit load and 10% of the charging voltage when
various parts of the system. Dissipation in S2 and S3  operating into a matched load. Because of the
are observed to be approximately 2.3% and 9.6%, relatively high shunting path impedance, the output
respectively. Also, due to the high charging and switch impedance collapse time is long, resulting in a
discharging currents, the dissipation in the PFN is slow open circuit voltage risetime (about 80 L). To
about 5%. Approximately 8% of the initial stored improve the "turn-on" time of the output switch S a
energy is lost in C I, C 2, S, , the buswork, and the shunting capacitor of about 20 nF capacitance would be
reset circuit, helpful.

Figure 11 shows the overlay of the output voltage Both the series transmission line and shunting
and current waveforms for five consecutive shots. transmission line schemes can be implemented
Total jitter of the modulator output pulses is simultaneously to yield a lower prepulse. In general,
estimated from these waveforms to be less than 3 ns. there is a trade-off between the prepulse amplitude

and the system efficiency; and the design is often
Discussion dictated by the maximum acceptable prepulse

amplitudes.
As seen in Figure 9, 10, and 11, the prepulse

associated with the output volage pulse Is typically 0.5 0l
10% that of the charging voltage in amplitude, when PFN
the modulator is operated into a matched load. The 0.5 OHM. 60 no
prepulse occurs because the current required to
saturate the output switch S, flows through the load
in the circuit as in Figure 2. Since the prepulse is LASER
a slower- varying signal than the main pulse, the
prepulse amplitude can be reduced by having a shunting
inductor in parallel with the load.

The need for an alternate shunting path for the
output switch saturation current becomes more severe
when the magnetic modulator operates into a discharge Figure 12. Series transmission line scheme to limit
laser, because the laser has a high initial impedance pre-pulse amplitude
prior to the formation of a stable discharge.
However, the performance of a simple shunting inductor
as a low impedance prepulse current path is 0.5 n $3

inadequate. This is because a low prepulse amplitude PFN
and a fast-rising output pulse would require an 5OHM, n0 n
inductor value so low that the efficiency of the
modulator becomes unacceptably low. To alleviate this
problem, a transmission line with characteristics 102
similar to the six-section line-simulating PFN can be
inserted between the output sw-tch and the laser
discharge cavity (see Figure 12). The series
transmission line acts as a large shunting capacitor

holding the prepulse amplitude Lo an acceptable level
during the discharge of C, into the PFN, including Figure 13. Shunting transmission line scheme to limt
even the case when the modulator operates into an pre-pulse amplitude
open circuit load.

Another solution to tr.- prepulse problem is to Conclusion
connect a transmission line in parallel with the laser
load, as shown in Figure 13. With Its unattached end A 0.5 ohm output impeda,.,-, two stage, magnetic
'horted, the transmission line will behave as a modulator that meets all its design goals has been
unting inductor during the prepulse and a constant constructed. By varying the bias of each set of
.pedance during the main pulse. Using a 5 ohm, 60 no switching cores independently, the modulator can be

shunting transmission line, this approach has resulted operated efficiently over the 50 to 70 kV range of
in prepulses with amplitudes less than 20% of the charging voltages. Although prepulse amplitudes can
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be large when the modulator is operated into discharge 2. D. L. Birx, et. al., "Experiments in Hagnetic
laser loads, they can be reduced to acceptable levels Switching," Proceedings of the 3rd IEEE
by using either a matching, series transmission line International Pulsed Power Conference, p. 262-268,
between the modulator and the load on high-impedance (1981).
shunting transmission line in parallel with the load.

In general, the satisfactory performance of the
magnetic switches makes them desirable replacements
for conventional switches (such as rail gaps, 3. W. C. Nunally, "Stripline Magnetic Modulators for
thyratrons) in fast pulsers. Their relative high Lasers and Accelerators," Proceedings of the 3rd
efficiency and complete freedom from conventional IEEE International Pulsed Power Conference, p.
plasma/electrode erosion and depletion effects make 210-213, (1981).
them prime candidates in long-life rep-rated systems.
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PULSE SHARPENING WITH A SERIES FERRITE MAGNETIC SWITCH
IN LINE-TYPE AND BLUMLEIN MOOULATORS*

Sol Schneider
Southeastern Center for Electrical Engineering Education (SCEEE) *

St. Cloud, FL 32769

Sumary

In fast risetime circuits, 10 ns or less, the cur- pressure regime, of the paschen curve. After break-
rent risetime of low pressure switches, such as thyra- down of the grid-cathode region and the grid current
trons, is limited by the rate of fall of anode poten- reaches a critical value, the anode-grid region starts
tial. This can cause high resistive switch losses to conduct and commutation starts. The anode voltage
during commutation. A series magnetic switch intro- falls rapidly and the cathode current rises at a rate
duced in the circuit initially acts as a high impedance determined by the rate of fall of anode potential and
limiting the current flow and then dependent upon the the circuit inductance. At low di/dt, experimental
saturation magnetization, mean cross-sectional area, observations made on a 4C35 hydrogen thyratron with a
and the applied voltage switches at a predetermined reservoir show that the anode potential falls exponen-
time to a low impedance. This enables the voltage tially over most of its range, is relatively independ-
across the thyratron to fall to a low value before ent of anode voltage over a wide range of values, and
substantial current flows and permits faster current is strongly affected by the switch pressure. The
risetimes. In addition, since the commutation dissipa- instantaneous anode potential over several time con-
tion is substantially reduced, the anode-grid gas den- stants can be described by:
sity, which controls the rate of ion generation, is
maintained. Experiments have demonstrated the inclu- eb - Spy - Ae - t/Ta (1)
sion of a ferrite magnetic switch in a line-type thyra-
tron modulator can materially assist in achieving a where
fast current risetime. Risetimes of < 3 ns have been
achieved using comme'rcial triode and tetrode thyratrons eb a instantaneous anode potential,
and readily available ferrite material. The technique
was also applied to a Blumlein pulser. In addition to epy peak forward voltage,
a magnetic assist in series with the thyratron, it was
necessary to use a magnetic sharpening switch in series Ta  - anode fall time constant, and
with the load to achieve fast risetimes and good pulse
shapes. At 20 kV output, a risetime of 4 ns and a A - constant
falltime of 5 ns were achieved with essentially a flat
top. For the 4C35 as e varied from 2 to 10 kV, the

Introduction time constant was relaifvely insensitive to voltage
and dropped from 5.1 ns to 3.4 ns. The pressure

Many applications for millimeter wave, laser, and sensitivity was large with the anode fall time constant
accelerator systems require fast current risetime, high varying from 28 ns at 26.7 pascals to 2 ns at 93.3
repetition rates, high voltage pulses. Available pascals hydrogen (I torr - 133 pascals).
switches for use in capacitor energy storage applica- Fast risetime characteristics can be obtained by
tions do not have the combination of characteristics using high pressure, however, at the expense of recov-
required for these pulsers. The most versatile and ery time. On the 4C35 operated at 100 A and 1000 V
reliable switch for these applications is the triggered the recovery time constant was close to 10 us at 35.5
hydrogen or deuterium filled thyratron. The thyratron, pascals and increased to 63 ps at 102.6 pascals. For
however, is limited in its ability to meet the current high repetitive rate operation, this becomes a severe
risetime, high repetition rate, and voltage hold-off limitation. Therefore, it is necessary to compromise
capability simultaneously. Improvements in the thyra- on pressure and seek circuit techniques to achieve fast
tron are under development which will aid, but are risetimes and high repetitive rates.
unlikely to fully achieve these objectives. An The measurements described above refer to gas
approach to achieve the objectives is to use a hybrid pressure. Since it is actually the gas density which
system consisting of the thyratron and magnetic controls the rate of ion generation, the temperature
switches. of the grid-anode region will affect anode fall time.

Thus, techniques that reduce anode dissipation will
Background lead to faster anode fall times and rates of rise of

current since the gas density is maintained.
A short discussion of the commutation process in a Twenty-five years ago 3 , at ERADCOM we studied a

hydrogen thyratron is necessary to appreciate why a circuit technique to reduce anode dissipation in
magnetic assist to delay onset of the main current thyratrons. The commutation dissipation was experi-
pulse will provide fast risetimes. This discussion is mentally determined to be the major source of anode
based on the study'-' performed by S. T. Martin and dissipation and is described by expression:
S. Goldberg, EG&G, under a United States Army Signal
Corps contract. The hydrogen thyratron is a positive T 2

grid device. The triggering is initiated by the appli- PC a epy tb Prr 2(TaT12  (2)
cation of a positive grid pulse with high voltage hold- + Tc)
off obtained by operating on the "left side," or low where Pc - anode dissipation, - peak current,

Prr - pulse repetition rate, an Tc . circuit rise-
*Support was provided by the Naval Surface Weapons time. This implies that maintaining a high pressure
Center, Oahlgren, VA. Facilities for this work was to minimize Ta was important. Since maintaining a

'vided by the US Army Electronics Technology and high pressure was often not consistent with obtain-
ices Laboratory, Fort Monmouth, NJ. ing high hold-off voltages and fast recovery charactr-

*,sultant, Little Silver, NJ istics for some operating conditions, another approach
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for minimizing anode heating would be to increase Tc. Ferrite Shielding Beads and Chokes. Type 5639031/48
This is not consistent with rise time requiments for was available in dimensions very close to the TT
narrow pulses. An alternate approach is to delay the 1-3000. The beads are 472 mils long with an outer
initial rise of current, minimizing ib, until the fall diameter of 220 mils and have double holes, each 35
of anode voltage had taken place. The technique inves- mils in diameter. The Ferroxcube is a manganese zinc
tigated was the use of a magnetic assist4 or saturable ferrite.
reactor in series with the hydrogen thyratron. The delay per ferrite cylinder or bead assuming

The characteristics of a magnetic assist are a a square wave was calculated using the relationship
function of the hysteresis loop for the material used. in Equation (3). At 20 kV, the delay per bead for
Figure 1 depicts a major loop for a ferromagnetic each material is:
material. The flux density in gauss, is plotted as a a. MgMnZn Ferrite - 0.97 ns/bead
function of the magnetic field, H in oersteds. When a b. MnZn Ferrite - 1.4 ns/bead
magnetic field is applied in the forward direction, B
increases in a somewhat linear fashion and then satu- The MgMnZn ferrites were used in single fold strings of
rates. During-the rising portion of the curve, the 8 providing a delay of 7.7 ns/string. The MnZn for-
permeability, u is given by the derivative of B with rites were used in strings of 5 with the lead returning
respect to H. During this interval the element appears thru the second hold and provided a delay of 6.9
inductive where the inductance is proportional to the ns/string.
permeability, and opposes a change in current. In the Conventionally the magnetic assist is placed in
saturated region the derivative of B with respect to series with the anode of the thyratron and the high
H approaches zero and, correspondingly, the inductive voltage side of the pulse forming line. This requires
effect of the material vanishes. The same analysis high voltage insulation of the assist from ground for
holds when the applied magnetic field is reduced and the entire interpulse interval (milliseconds), exposes
then reversed in direction. the assist to the hot anode, and requires differential

Probably the most straight forward and simplest voltage measurements to observe the assist behavior.
design is to surround a current carrying conductor with For this series of experiments the assist was placed
a ferromagnetic material. A straight wire assist was in series with the load. The effect reduces the high
used for this study. An assist of this design is voltage insulation requirement for the pulse duration
simple to construct and is amenable to stacking since (nanoseconds), limits the heat exposure to the tempera-
cylindrical sections can be added in series. The ture of the load, and by interchanging the load and
design tends to reduce stay capacitance and minimizes the assist permits direct measurement of the assist
lead inductance. For this design, delay is given by: behavior. Both materials have good square loop

properties and the saturization magnetization is in
A %B the order of 3000 gauss for the type TT 1-3000 and

td - - us, (3) 3300 gauss for the type 5639031/48 material.102epy In the second phase of this program, this techni-

when td - delay, A - mean cross-sectional area in cm2, que was applied to a Blumlein circuit which reduces the
LB total change in flx in gauss and ea anode voltage requirements for a line-type modulator by a
forward voltage. The magnitudes of the s81ting and factor of 2. A consequence of this type of circuit is
resetting magnetic fields determine the total change in that the switch operates at one-half of the impedance
flux density, AB. The magnetic field, H, is given by: of a conventional line-type modulator. The current

risetime, assuming a lossless switch,and non-inductive
4r o t (4) load, will increase unless the inductance of the cir-
IOL cult can also be reduced by a factor of two. The out-

put of the Blumlein circuit is two pulses forming lines
where Ib - conduction current in amperes and L 2 mean in series discharging into the load. Since the initial
magnetic length in cm. Figure 2 depicts the current risetime of the current pulse is poorer than a conven-
and voltage waveforms of a line type modulator opera- tional line-type modulator, the output pulse requires
ting with and without a magnetic assist. Figure 2(a) sharpening to achieve the required risetime. The addi-
shows normal operation and depicts the anode voltage tion of a magnetic switch in series with the load com-
and current. Figure 2(b) depicts the influence of the pensates for the inherently poorer risetme character-
magnetic assist in series with the load. Anode voltage istics of the Blumlein circuit. The switch operates in
on the thyratron decays during the period, td . A large the same manner as the assist in series with the thyra-
voltage is developed across the magnetic assist and tron. It delays the onset of the main current pulse
decays after the period, td, when the magnetic assist until the peak voltage is across the magnetic switch at
switches. The current rises to a low value during the which time it switches. The current risetime is then
interval, td, and then rises to full magnitude. Figure primarily determined by the switching speed and satu-
3 shows the effect of a magnetic assist on power dissi- rated inductance of the magnetic switch and the
pation on a 5948 thyratron operating at 15 kV epy. The inductance of the load.
results are given for three different lengths of Super-
malloy. Supermalloy has a &B of 12 to 15 kilogauss and Line-Type Modulator Experiments
a saturation field of 0.02 oersted. In these studies
several nickel-iron alloys were used, including In the first phase of this study, the magnetic
Supermalloy, Square Permalloy, and Deltamax. These assist was applied to a hydrogen thyratron line-type
materials have a large flux swing from 12000 gauss for modulator (Fig. 4). Direct current resistive charging
Permalloy to 28,000 gauss for Deltamax and provide large was used since a small low average current power supply
delays. The materials were rejected in favor of micro- was conveniently available. To obtain fast risetimes,
wave ferrimagnetic materials to provide faster switching coaxial pulse forming lines were used. The networks
times. One material selected was the Transtech type consisted of 1 to 3 each RG 214 coaxial cables in paral-
TT 1-3000 magnesium manganese ferrite with zinc substi- lel to provide network impedances of 50, 25, and 16.6
tution. It has a good square loop characteristic and ohms. Pulse lengths from 25 to 150 ns were used. The
is recommended for operation at K-band frequencies. A results presented will be at the narrow pulse widths
supply of this material was available in the form of since longer pulse widths did not provide sufficient
long cylindrical beads. The beads are 500 mils long additional data of interest. The loads consisted of
with an outer dlameterof 200 mils and an inner diameter Allen-Bradley 2 watt caron resistors In parallel and
of 100 mils. A second material available was Ferroxcute had nominal Impedances of 45, 27.5 and 15 ohms
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respectively. The negative mismatch was used to pro- elements for dissipation measurements are the thyra-
vide inverse current after the pulse in addition to tron, the magnetic switch and the load. A series of
the recharge current to reset the magnetic switch. A measurements were taken using a 20.5 ns 50 il coaxial
Cober pulse generator was used in some parts of the line as the pulse forming line and a 47 a resistive
investigation when it was established that a stiff load. Three cases are presented for operation at 22 kV
grid drive was necessary. The Cober is a hard tube peak voltage and 225 A peak current. The ITT F199
generator with a risetime of a few nanoseconds, 200 tetrode thyratron was used. In this case a nominal
ohms impedance, and variable output up to 2000 V. A control grid drive was satisfactory. Reservoir heater
"top hat" cylindrical return was mounted on the tube voltage was set at 6.7 volts ac to achieve a fast anode
to minimize circuit inductance. All measurements were voltage fall time. The ferrites used were the MgMnZn
made at repetition rates varying from 10 to 500 Hertz ferrite. The three cases shown are for no assist, an
dependent upon the limitations ot the power supply. A assist with a 15.5 ns delay, and an assist with a 23
voltage probes with high frequency response was used ns delay. The voltage waveforms across the thyratron,
for all measurements across the load and ferrite the ferrite, and the load are shown on Figures 8, 9
string. The probe was used in conjunction with either and 10. The case with the 15.5 ns delay gives the best
a Tektronix 7834 or 7904 scope with a 50 Q input 7819 load current waveform. From this data the dissipation
preamplifier, as a function of time were plotted for the thyratron,

Thyratron types used during these experiments the ferrite, and the load and are shown on Figures 11,
were the ITT 8613 triode, the ITT F199 tetrode, and 12 and 13. Table I summarizes the results and shows
the EEV 1164 tetrode. Except for the 1164, the tubes the percentage dissipation in each of the elements. As
were all rated for at least 20 kV operation. The use expected from troi voltage wave shapes the case with the
of a ferrite assi t improved the risetime to under 15.5 ns delay gave the most efficient energy transfer,
5 ns for all the tube types and with a stiff drive 85%. Considering the narrow pulse width of the line,
reduced the risetimi, to between 2 and 3 ns. Discus- 20.5 ns, the result is exceptionally good. An exces-
sion will be limited to a few cases for the 8613 sive amount ,f delay, 23.2 ns, increases the ferrite
triode and the F199 tetrode. dissipation by a factor of 2.5 and adds additional

The triode is the more difficult switch to inductance wnich deteriorates the wave shape. Switch
achieve a fast rise time because it has no prelonizing dissipation becomes negligible in this case.
electrode to ignite a diffuse discharge near the
cathode to aid in cathode utilization. In the case Table I. Dissipation
of the 8613 it was necessary to age the cathodt with
a 1 us pulse width. It was also necessary to use a Element No Ferrites Ferr
fast risetime stiff grid drive of 1000 volts and a 15.5 ns delay 23 ns delay
raised heater voltage between 5 and 10% to get ade-
quate electron emission to perform definitive tests. Thyratron 35.8% 5.4% 0.4%

Normal operation of the thyratron is shown on
Fig. 5. The sweep speed is 10 ns/half-cm (reduced Ferrite -- 8.9% 23.1%
scale). The trace starting one centimeter higher is
the fall of anode potential and takes about ns to Load 66.9% 85.0% 77.9%
fall to a few hundred volts. The load voltage or cur - I
rent takes about as long to peak. During this period Total 102.7% 99.3% 101.4%
about half the energy being switched is dissipated in
the anode. This results in anode heating which
reduces the anode-grid gas density and slows the rate Blumlein Modulitor Experiments
of ion generation.

Figure 6 shows the result of adding a magnetic In a conventional line type modulator, assuming
switch in series with the load and thyratron. A delay the pulse forming line and the load are matched, it is
of 15.5 ns was introduced. The two load voltages or necessary to charge the pulse forming line to twice the
current waveforms are shown. The shape of the pulse pulse voltage delivered to the load. For very high
has changed from essentially a cosine (Fig. 6O to a pulse voltages on the load, greater than 100 kV, teli-
square pulse (Fig. 6b). There are instabilities on able high repetition rate reliable switches capable of
the top of the square pulse which are attributed in over 200 kV operation are not presently available. Two
part to noise in the detection system and in part to basic circuit approaches art available to overcome this
emission instabilities in the thyratron. This indi- problem. The first approach is to use a step-up pulse
cates the need for a tetrode structure with a larger transformer between the load and the pulser. This is
current and/or more delay introduced to allow the dis- commonly used. If, however, fa-t risetimes, less than
charge to utilize more of the cathode. The improve- 0.1 us, are required the inductaoce of the pulse trans-
ment in risetime is over a factor of five. These former is a severe limitation. Ti;e second approtchs,
measurements were taken at a peak load current and which does not require a transformer, consists of
voltages of 630 A and 9.5 kV respectively. The charging pulse forming networks in parallel and dis-
operating voltage was 20 kV with a negative mismatch charging them in series. The two most common circuits
of 5%. are the Marx and Blumlein configurations. The Marx is

Tetrode thyratrons performed considerably better used extensively for very high voltage essentially
and provided clean pulse waveforms. Figure 7 shows single-shot applications using spark-gaps as the
the load voltage obtained with an EEV 1164 with the switches. For high repetition rate operation the
same magnetic assist used for the thyratron. The Blumlein circuit is usually preferred and was specifi-
anode voltage is 13 kV, the maximum voltage the switch cally studied.
can handle. A very stiff control grid drive pulse The Blumlein circuit is the two network case of a
was also necessary on the this switch for fast rise Darlington circuit. A schematic of the circuit is
times. shown in Figure 14. The c;rcuit works in the following

manner. Pulse forming networks #1 and #2 are charged
Line Type Modulator Efficiency to the desired level by a common power supply through

a charging resistor. (A charging resistor consumes
In addition to pulse shape it is necessary to h&lf of the charging power. This technique was used

measure the efficiency of the system and to determine for convenience in this experiment. In practice, the
dissipation in the various elements. The three major charging circuit would be designed for resonant
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charging increasing the efficiency from 50% to over The loss can probably be attributed to the initial dis-
95t and decreasing the power supply voltage by a fac- charge thru the thyratron and may be the result of not
tor of 2. If operation below resonant frequency is optimizing the magnetic assist.
desired, a charging diode is placed in series with
the charging inductor to maintain the voltage on the Conclusions
network.) The thyratron is then fired discharging
PFL #1. This is equivalent to reversing the potential The investigation demonstrated the value of a
of this line, thus putting it in series with the PFL ferrite magnetic assist In series with a thyratron
42. The two networks then discharge in series thru in achieving a fast risetime. The behavior of the
the load. If the load has an impedance equal to the switch system is explainable and predictable. Rise-
series rearrangement of the network, pulse voltage times < 3 nanoseconds have been achieved with both
equal to the original dc charging voltage appears triodes and tetrodes where no attempt has been made
across the load. The reversing process results in a to minimize the inductance or design the switch for
fixed time delay equal to half the pulse width between high pressure operation. The design of the magnetic
the firing of the switch and the application of pulse assist was based on readily available materials and
voltage to the load. Although the switch only holds- shapes with no attempt to optimize the magnetic
off half the voltage it must pass double the peak cur- assist material or design.
rent required in a conventional line-type modulator. EG&G has successfully applied the technique to
The Blumlein circuit usually delivers a poorer pulse the development of low voltage (6 kV) tetrode thyra-
shape to the load because of the increased loop induc- trons' for millimeter wave applications. Using the
tance and the poorer current risetime in the initial same material and the same cylindrical ferrite design
discharge, in a linear format, EG&G achieved I ns risecime with

Since earlier experiments had indicated that a <50 a recoveri. The ferrite assist, as predicted,
tetrode mode of operation was desirable, most of the permitted operation at lower hydrogen pressure to
experiments were performed with a modified EG&G HY-8 achieve the high repetition rate.
tetrode thyratron, a 20 kV switch. Separate flying Thereafter, effort was concentrated on the use of
leads for the filament and reservoir heaters were magnetic material in a Blumlein pulser. The Blumlein
provided to permit variation of cathode temperature pulser is inherently slower than a conventional line-
and reservoir pressure. Initial experiments with type pulser. In addition to a magnetic assist in
excellent results were obtained at normal settings. series with the thyratron, it was necessary to use a
Since very stiff triggers are used in these experi- magnetic sharpening switch in series with the load to
ments to obtain dense plasma in the cathode-grid achieve fast risetimes and good pulse shapes. At 20
reqion, the tube had considerable clean-up which was kV, a risetime of 4 ns and a falltime of 5 ns were
compensated by adjusting the heaters. The auxilliary achieved with essentially a flat top pulse.
grid driver was an EG&G TM-30. The control grid
driver was a Cober hard-tube pulser. Acknowledgements

The pulse forming lines were made from a single
length of RG-214U cable. A two inch section of outer The author appreciates the support provided by
braid was removed to form the two separate pulse L. Luessen, Naval Surface Weapons Laboratory and
forming lines. Resistors were placed around the S. Levy, US Army Electronics Technology and Devices
stripped section to form the load of 83 al. The load Laboratory. Rob Burtis and Bill Beattie provided
was deliberately negatively mismatched to provide invaluable assistance in performing parts of these
reset current. A photo (Fig. 15) shows the experi- experiments.
mental set-up. On the bench is an HY-8 thyratron with
the high voltage end of one Blumlein attached to the References
anode return and the braid attached to a ferrite
assist attached to the cathode flange. On the right 1. S. T. Martin and S. Goldberg, "Research Study on
three Blumleins with loads are shown. Only one is in Hydrogen Thyratrons," Final Report, Contract No.
use and has a ferrite shapening switch in series. A DA 36-039 SC-15372, June 1953.
Sarjeant type voltage probe is across the load.

The magnetic assist for the thyratron and the 2. S. Goldberg and J. Rothstein, "Hydrogen Thyratrons:
sharpening switch were made from the same material and Advances in Electronics and Electron Physics,
had the same geometrical design previously discussed. Vol. XIV, pps. 207-264, Academic Press, 1961.
The reason is simply that both applications are quite
similar with respect to voltage, current, and delay 3. J. Creedon and S. Schneider, "A Magnetic Assist
requirements. for High Power Thyratrons," Proceedings of the

The series of figures shown are results obtained Sixth Symposium in Hydrogen Thyratrons and
from 14 kV to 20 kV with filaments voltage at the nor- Modulators, May 1958.
mal operational levels of 6.3 Vac. Figure la shows
the output of the Blumlein (14 kV) with no ferrite 4. C. Eichenauer, "A Magnetic Assist to Hydrogen
as:ist or ferrite sharpening switch. It Is essential- Thyratron Switch Tubes," Fourth Hydrogen Thyratron
ly sinosoidal in shape. In Fig. 16b a ferroxcube Symposium, May 1955.
assist with a 9.9 ns delay was placed in series with
the HY-8. The Blumleln output pulse became more 5. W. J. Sarjeant and A.J. Alcock, "High Voltage Probe
rectangular, but still provided an unsatisfactory System with Subnanosecond Rise Time," RSI, Vol. 47,
pulse. A Mg9Mn:Zn sharpening switch with a delay of No. 10, pps. 1283-1287, Oct 1976.
an 11 ns delay was placed in series with the load.
Figure 16c shows the result, an excellent pulse output 6. S. Friedman, "Nanosecond Pulser Thyratrons," Second
for a Blumlein circuit. Interim Report No. DELET-TR-80-022-5, prepared

The next set of scope pictures is almost an for US Amy Electronics Technology and Devices
idealized result. Figure 17a shows the Dlumlein out- Laboratory. Jan 1982.
put voltage at 20 kV and 2 ns/minor division sweep
speed. Figure 17b shows the pulse with the vertical
scale expanded 2.5X. The risetme of the pulse is
about 4 ns and the falltim is about 6 na. The top
is not perfectly flat. The first ns is about 10% low.
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Figure 3. Instantaneous Power Dissipation in a
5948 Thyratron w/o And with a Series
Supermalloy Assist. Results are
shown for three different delays.
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Figure 2. Voltage and Current Waveforms of Figure 4. Line-Type Modulator with a Magnetic
Switch in a Line-Type Modulator. Switch in Series with Thyratron,

Fig. 2(a) No Magnetic Assist; Load, and Pulse Forming Line.
Flg. 2(b) With a Series Magnetic
Assist.
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Upper starting trace - anode potential
Lower starting trace - load voltage

Figure 5. Current pulse and anode fall of IT&T 8613 Figure 7. Load voltage using an EEV 1164 tetrode
w/o magnetic assist. Sweep speed is thyratron with MgMnZn ferrite assist.
10 ns/half-cm. Sweep speed is 5 ns/cm.

Fig. 6a. Load voltage w/o assist Fig. 8a. Anode voltage

Fig 6b. Load voltage with MgMnZn magnetic assist. Fig. 8b. Load voltage

Figure 6. Load pulse using an IT&T 8613 triode with Figure 8. Voltage waveforms at 22 kV using an F199
and w/o magnetic assist. Sweep speed is thyratron w/o magnetic assist. Swep10 ns/halfcm. speed is S ns/hal f-cm.
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Fig. 9a, Anode voltage Fig, 10. Anode voltage

Fig. 9b. Ferrite voltage Fig. lob. Ferrite voltage

Fig, gc. Load voltage Fig. lOc. Load voltaae

Figure 9. Voltage waveforms at 22 kV using an F199 Figure 10. Voltage waveforms at 22 kV using an F199
tetrode thyratron with a MgMnZn ferrite tetrode thyratron with a Mgf4nZn ferrite
assist providing a delay of 15.5 ns. assist providing a delay of 23 ns.
Sweep speed is 5 ns/half-cm. Sweep speed is 5 ns/half-cm.
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Fig. 13a. Power Dissipation in Switch
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Fig. 13b. Power Dissipation in Load

Figure 13. Instantaneous power dissipation during
the pulse with a 23 ns magnetic assist
delay. Results correspond to Figure
10 data.
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Figure 14. BILunlein Modulator Using a Tetrode
Thyratron in Series with a Magnetic
Switch and a Pulse Sharpening Magnetic
Switch in Series with the Load.

Figure 15. Experimental set-up of Blumlein pulsar.
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TESTS OF A LOW-PRESSURE SWITCH PROTECTED BY A SATURATING INDUCTOR*

E. J. Lauer and 0. L. Birx

University of California
Lawrence Livermore National Laooratory

Livermore, California 94550

Summary three-fold. After these changes were made and with
VU = 2bO kV, d 

= 
4 cm, and tne maximum pressure of

Low-pressure switches and magnetic switches have N2 , the current rise time was 20 ns. The jitter was

been tested as possible replacements for the excellent (11 nsl. The trouole was tnat the runaway

nigh-pressure switches currently used on Experimental electrons in the low-pressure switcn formed a pinched

Test Accelerator (ETA) and Advanced Test Accelerator electron beam at about the time that the voltage fell

(ATA). When the low-pressure switch is used with a to VO12 and the current rose to Vu/2ZO . The

low-impedance transmission line, runaway electrons electron beam damages tne anode (vaporizes local

form a pinched-electron beam which damages the anode. regions). Tne voltage nolaing recovery time is not

We nave tested the use of the low-pressure switch as reproducible from pulse to pulse, probably because of

the first switch in the pulsed-power chain; i.e., the tne anooe damage.
switch would be used to connect a charged caoacitor
across the primary winding of a step-up transformer. In the tests reported nere, the role of the
An inductor with a saturating core is connected in low-pressure switch has oeen cnangeo from that of the
series so that, initially, there is a large inductive final line output switcn to that of the first switch
voltage drop. As a result, there is a small voltage in tne pulsed power chain; i.e. tne switch is used to

across the switch. By the time the inductor core soddenly connect a charged capacitor across the
saturates, the switch has developed sufficient primary minding of a step-up transformer. An inductor
ionization so that the switch voltage remains small, with a saturating core is connected in series with the

even with peak current, and an electron beam is not switch and capacitor so that, initially, there is a
produced. A 15 uF capacitor was used with charge large LI voltage drop across the inductor and only a
voltages up to 50 kV. Tne time-to-current maximum was relatively small voltage across the switch. By the
b to 8 us. The current terminated at about 50 us, time the inductor core saturates and the inductance

and the voltage could be reapplied at about IOU us. drops, the switch has developed sufficient ionization,
so the switch voltage remains small even with the peak
current. Therefore, an energetic electron beam is not

Introduction produced, there is no anode damage, and the
voltage-holding recovery time is reproducible.

The Livermore low-pressure switch tests were Numerical calculations predict that the energy
started with the idea of developing a faster oelivered to the anode in the case of an unprotected

repetition-rate replacement for the high-pressur line Switch is typically 0.3 of the stored energy,

blumlein switches currently used on ETA and AT.1) wereas in a typical case of a tr nsformer-capacitor

Measurements, together with theoretical and numerical resonant charge circuit, only 10
"
1 f the stored

modeling, resulted in a rather comnple undrstanding energy is deposited on the anode.

of the essential mechanisms involved.,
3,41  

From
the practical point of view, the tests met some but In the present tests, the low-pressure Blumlein

not all of the requirements for an acceptable line switch has been adapted to tne resonant charge mode to
switch. Briefly, the current increases exponentially find the maximum rate of energy transfer that does not
with. Brniel the currae crlases), exponntial cause anode damage and spoil the voltage-holdingwith time (until the voltage collapses), with the recovery time.

exponential rate constant proportional to gas

density. mence, increasing the gas density resuits in
a smaller current rise time. However, there is a Apparatus

maximum Pd (gas pressure times gap distance) aoove
which the switch prefires; i.e., self-breaks Defore The circuit used for these tests is shown in

the trigger pulse occurs. Figure 1. The water dielectric was removed from the
6lumlein and replaced with SF6 gas to minimize the

uriginally, the Blumlein and the switch were chargEJ capacitance that is not in series with the saturating
in about 20 us, and the limiting Pd was about inductor. R is a damping resistor in place of the

U.U5 Torr cm of N? or argon (H2 had a smaller transformer load. R was approximately adjusted for
rate-of-rise at its prefire limited maximum critical damping of tne LC circuit with L in its

pressure). with a line having a characteristic saturated state. kn ETA switch chAssis and step-up
mrpeoance of Z0 • 5 4 $1, an initial charge voltage transformer is used to apply a test voltage pulse to
of VU a 50 kV, d I cm, and the maximum pressure of the LPS at an aujustable delay time. The switch

* or heavier gas, the rise time was <20 ns. With voltage was measured two ways: one method was with

nigher voltages, d had to be increasei and, holding Pd thne comoination R-C divider shown ano labeled (VS),

approximately constant, P had to ue decreased. The tne otner method (not shown) was using a fast response

rise time was then too slow. A magnetic modulator was time capacitive divider kCD) mounted in the outer

installed and used to cnarge the line and switcn in olumilein wall. The switch current was measured with
about u.15 us. This shorter charge time had the tne wall resistor a stainless steel foil resistor in
result that ttie prefire limited Pd increased about series with the outer dlumlein wall).
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Results

T." Figure 3 snows a set of measurements with 5
T33 15 -c- Is j series turns in inductor L. The capacitor is 15 uF,

3.3vvF:r 11 R ano the charge voltage is the maximum tried (50 kV).
20 WV , I The energy stored and transferred, CV6/2, is

d.c. 0 •LP 18.75 kJ. This is enough to drive the complete ETA

ETA SW i d.c. accelerator (the gun and 10 accelerating cavities).

chassis 7r Tne quarter-cycle time for the current to rise to its
VS WR maximum is about 8 us. The peak current is about

40 kA. The delay time until the core saturates is
about 2 us. The current seems to turn off at about

Figure 1. Circuit: L is 3 or 5 turns aruund a 55 us (on the 120 A/d sensitivity a "ground loop"

metglas core with a 24-in. o.d., a 10-in. i.d., and a current is observed flowing through the wall

4 x 1-in. length. resistor). The switch recovers its voltage-holding
ability reproducibly at about 75 us. There is no
damage to the angJ1 . Using the fast time response ion
gauge technique,J the gas pressure at the trigger
electrode location is 0.04 Torr. At the time of the
experiment (8 ms), the pressyre in the 520-4

The low-pressure Switch cathode is shown in expansion chamber is 4 x 10-D Torr. The expansion

Figure 2. It has a diameter of 10 in. and has 12 volume probably could be decreased fifty-fold without

trigger electrodes located on a 6-in.-diam circle. causing Pd breakdown in the insulator region.

Flowing gas enters the gap through an annular crack
around each trigger electrode. VS WR

10 kV/d 6kA/d

VS WR

10 kV/d 6 kA/d

WR

Figure 3. SOark-gap
voltage (left column) and

Figure 2. A l0-in.-diam cathode with 12 current (right column):
trigger-channels located on a 6-in.-diam circle. V0 - 50 kV, L has 5

turns, R = 0.6 n,
d 2 1 cm, and
P - 35 lb/in. 2 

N2-

120 A/J

The sequence of events in a test is:
Figure 4 shows a similar set of measurements with

1. A master pulser opens the solenoid valve, three turns in L. The charge voltage is again 50 kV.
The gas flow becomes constant after about I ms. Now, the current quarter-cycle time to maximum is

5 us. and the peak current is about 10 kA. There
2. At 8 ms, the LPS is triggered by applying is some doubt about this current reading, because the

Z5 kV to the 50-il, 60-ns trigger cables. foil wall resistor was damaged oy sparking and had to
be replaced just after this case. The current turns

3. At an adjustable delay time, the ETA off at 5U us. Voltage holding recovery occurs at
switch-chassis thyratrons are triggered to apply tne 110 us. Tne gas conditions are the same as those
test pulse to the LPS. for Figure 3.
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VS WR The ieasurements of Figure 5 are also with three
turns in L, uut A is increased Sligntly. The chiarge
voltage is 42 KV. For VU > 45 kV, the recoverySi tile cnangeo discontinuously from about 110 us to
,iS. #lso, visually, the discharge appeared pinched.
upon inspection, there was no evident damage to the
anode. Witn three turns and 42 kV, the core saturates
after about I us. The current turns off at about
35 is.

N Figure 6 Shows that the recovery time is
10kV d 15kA/d indeoenoent of charge voltage, unless anode damage

Uccurs,

VWR

80

N I

lo kV/d 300 AM .3 60

Figure 4. Spark-gap voltage (left column) and
current (right column): VO 50 kV, L has 3 turns, 7
R = 0.41 a, d I cm, and P = 35 lb/in.2 N2. 40

VS WR

01 L

0 10 20 30 40 s0
Vo kV)

Figure 6. Voltage holding recovery time vs initial
gap voltage: L nas 5 turns, R - 0.6 Q, d- I cm,
and P - 35 In/in.2 N2 .

10kV/d 12 kAM

VS WR

Figure 7 Shows recovery time vs valve-orifice

pressure for two gap distances. Channel pressure
varies as the 1/2 power of gas flow rate and the flow
rate varies linearly with orifice pressure. If the
recovery time was controlled by the mean time for gas
ions to diffuse through the gas to the electrodes,

10 kV/d 12 kAld then the recovery time would scale as

2 1 po2 .p2WR

T, ~(Pd)2 - Pd'
Figure 5. Spark-gap
voltage (left column) and
current (right column):
V0 - 42 kV, L has 3 where Tc is the mean time between scattering
turns, R - 0.44 9, collisions of ions with gas molecules, and X is the
d Icm, and corresponding mean free path. Figures 6 and 7

*35 Ilin.2 N2. indicate that ion diffusion is involved, although
there may be some pinching and anode heating for

12kA/d d a 2 cm.
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0 -Figure 

8. Spark gap voltage vs time (left trace) and
400 current vs time (right trace): Vo- 35 kV, L has 5

turns, * I cm, ano P - 35 lb/in.2 N .
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AN IMPROVED 50 KV PULSER DESIGN*

J. A. Olcles, E. S. Fulkerson
Lawrence Livermore National Laboratory

P.O. Box 5508
Livermore, CA 94550

Summary These triggers are electrically ORed to provide a 50

volt, minimum input to a pulse generator based on

A compact 50 kilovolt pulser has been developed small silicon controlled rectifiers. Several changes

as a gas switch trigger. This unit combines a have recently been made to this circuit resulting in

gounded grid thyratron with a ferrite loaded step-up improved noise Immunity and lower cost which will be

transformer to provide the required output voltage, discussed in a future paper. The SCR pulser fires a

A magnetic switch at the output brings the risetime grounded grid thyratron, which dumps a 40 nf capaci-

down to the ten nanosecond range. Unit operation is tor bank into a fast step-up transformer. New to the

specified into a 25 ohm resisitive load. Integral design is a simple magnetic switch which compresses

-ith the pulSer package is the necessary low level the output risetime from the previously attained 22

support electronics to power the thyratron and to nanoseconds to the nine nanosecond regime. The

orivide trigger and diagnostic functions. Package resultant output waveform is depicted in Figure 2.

volume is less than .02 M
3 . Included in the package is a compact regulated power

supply to support the unit from the a.c. line, except

Introduction for the 18 KV high voltage input which is externally
supplied from the same source that charges the main

Plasma shutters employing electrically exploded plasma shutter energy store.

foils will prevent retropulse damage to large optics

in the Nova laser system. These shutters are Output Transformer

presently in an advanced state of development.
Switchout of the 3 KJ electrical energy store to the We initially used a manganese-zinc ferrite, Fer-

foil is by a four section rail gap gas switch. Trig- roxcube 3C8, in the output transformer because of its

gering the switch is a compact 50 kilovolt thyratron availability and high saturation flux density. With

based pulser which has been reported on previ- this ferrite, we obtained a 22 nanosecond output

ouslyl. The following provides an update on this risetime as previously reported. Investigation

technology at the final design point in the project. showed little risetime degradation through the trans-
former; the output speed was essentially determined

Figure I provides an overview of the pulser by the turn-on time of the tube. Lacking a simple

design. The unit accepts dual fiber optic triggers; method of measuring thyratron current in this compact

one the main system trigger and the other a local, device, we hypothesized that this current was very

manual trigger for test and maintenance purposes. high due to transformer losses, thereby increasing

External 40 nf
18 kV -- [ energy

source store

Dual
fib er s yst em - -W " F iber S C R G ro u nd ed 1 :4 M agne tic 4 P arallel.

o S manual optic pulser grid transformer sharpener 100 ohm

trigger reeie thyratron - upt

acknowledge acknowledge

signal signal

6.3 v.a.c. to thvratron reservoir/filamentA.. ipt __ Off line
A.C. filtng switching '-60 v.d.c. cathode bias

supply
+220 v.d.c. to SCR pulsar

2.5 amp current source to magnetic bias windings

UNIT BLOCK DIAGRAM

Figu;, 1

Tswor- was performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract No. W-7405-ENG-48.
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required using a d.c. current source from the
switching power supply. This same current provides
the necessary reset to the magnetic output switch.

-T_- Thyratron Limitations
65 kV

-atw2
8mw The switching device used is an EG&G HY-1102. It
FWHM is a hybrid thyratron/spark gap with interesting

characteristics for single shot and low repetition
rate applications. Despite the existence of a metal-
lic vapor arc internally when switching, the device
has a lifetime of approximately 100 shots in this

"-.i -- o-aw.0o90% lightly loaded (10 kA) application.

VwIsg ,mw:Is kdiv. We selected the tube at the recommendation of G.
Hon2Ow~ailor/dr. Krausse of Los Alamos National Laboratory, who is

using a similar tube, the HY-1313, in a spark chamber
OUTPUT WAVEFORM application. He is achieving current risetimes of

less than 20 nanoseconds to 30 kA with these devices,
Figure 2 over a factor of three faster than the LLNL unit.

Subsequent discussions revealed several differences
to what initially appeared to be a very similar oper-
ating situation:

anode fall time. Discussions with A. Faltens at

Lawrence Berkeley Laboratory and L. Reginato at LLNL 1) The HY-1313 is a special version of the
indicated that a high permeability nickel-zinc fer- HY-13, a tetrode version of the HY-1102. We
rite would result in lower lossees in this have tested the Y-13 and found it compar-
application, able to the HY-1102 in di/dt performance.

The HY-1313 has a more open grid structure
We obtained ferrite from two vendors. The first, designed to improve risetime, which also

which has been tested at this writing, is Ceramic appears to degrade holdoff capability. For
Magnetics CM05005 material. The second, which has the plasma shutter application, reliable
just started test, is TOK PE1lB. Also considered, holdoff is critical.
but not purchased, was Stackpole C/7D. The materials
are compared in Table 1. 2) Krausse also obtained an additional 20 per-

cent improvement in risetime by pulsing the
We were somewhat surprised to note that perfor- auxiliary (simmer) grid positive rather than

mance with the new ferrite was only marginally better taking the cathode negative as is normally
with the 3C8; less than 10 percent improvement in done to trigger the tube.
output amplitude was obtained, and a risetime
improvement only noticable with a 50 ohm load in 3) Los Alamos triggers the tube with a very
place of the required 25 ohm load. energetic source; two kilovolts with a three

ohm source impedance. Accoroing to Krausse.Using a special 1.2 ohm resistive dummy load in this yields a 15 percent risetime improve-
place of the transformer, our risetime problems were ment over a 50 ohm drive system.
then traced to the thyratron, as discussed below.
Our final design does employ the NI-Zn material, how- 4) Current rate of rise is load dependent;
ever, despite the lack of significant performance higher current loads are driven with faster
improvement. The high resisitivity of the material current risetimes. We have also investi-
allows it to be used uninsulated in the transformer, gated use of the HY-1102 as a Pockels cell

providing greater design freedom, fewer parts (a driver at the one kiloamp level and risetime
molded silicon insulator was envisioned for the Mn-Zn under these conditions is only 15 nano-
ferrites), and hence greater reliability. Another seconds.
problem encountered with t!lis ferrite was a lack of
pulse-to-pulse amplitude repeatability. This was Despite the poor risetime, we were reluctant to
traced to the ferrite coming back to a random point depart from the simple approach using the HY-1102
on the B5 curve. A reset bias current is therefore with a small SCR trigger. This implementation has
provided to place the cores in a predetermined state been reliable with acceptably low prefire rate and
before each shot. Less than five watts of power are 200 picoseconds peak-to-peak jitter.

TABLE I

FERRITE COMPARISON

PAR METER UITS DS005 PE11S C/70 3C8

Initial Permeability ----- 1200 min 400 min 850 typ 2700 min

Max Flux Density Gauss 3000 min 3000 min 3200 min 4400 min
(at 10 Oersteads)

Coercive Force Oersted .23 max .5 max .25 typ .20 TYP

Bulk Resistivity ohm-cm 108 min 10 min 105 100 approx.
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Magnetic Sharpening Support Electronics

A fast risetime in this application is desirable A switching regulator was the logical choice for
for two reasons. First, in order to maintain the the low voltage power conditioning in the unit. Botheeliability of the 10 unit Nova plasma shutter compactness and high efficiency inherent in that
system, involving ten units, each with redundant approach are important properties since the triggertriggers, timing of eight different shutter fire units are redundant and mount in the compact SF6
events with respect to the input trigger is measured filled pulser housing. The supply design is
and analyzed with the conouter system. Timing dis- straightforward, operating directly off the a.c. line
crepancies in excess of five to ten nanoseconds will and switching at 25 kHz. 6.3 volts at approximately
not degrade system performance but will be an indica- nine amperes are provided for the thyratron filament
tion that maintenance is required. This threshold and reservoir. Remote sensing capability is provided
discrepancy is short in comparison with a 22 nano- to ensure accurate regulation at the tube. No
second trigger. The second factor to consider is the attempt was made to separately supply filament and
improved performance of the rail gap switches with reservoir so that optimal operating voltages could be
fast triggers. Multichanneling is enchanced, with provided for each. It is likely that some perfor-
resultant lower inductance, lower time jitter and mance increase could have been obtained by separately
longer life. The rail gap designer has specified a fine tuning filament and reservoir, but this was
trigger risetime of 10 nanoseconds or less to opti- innecessary with the addition of magnetic sharpening.
mize this effect.

A 220 volt supply is also included for the SCR
Our improving understanding of the magnetics and pulser and optical receiver. A resistive divider

of the switch led us to explore a simple magnetic from this supply also provides -5O volts of cathode
sharpening switch for the unit. Sharpening was added bias. It is interesting to note that the grounded
at the secondary side, since the 1.2 ohm impedance at grid thyratron will operate quite %ell with zero bias
the primary severely restricts the geometry one can between grid and cathode. Occasslonal prefires do
use without significantly increasing primary loop occur under these conditions, however. The filament
inductance. The same Ni-Zn ferrite in the output supply floats on this bias voltage. A hligh voltage
transformer has good characteristics as a switch, so three terminal regulator, the Texas Instruments
some smaller cores of CM05005 material were obtained TL783, provides the 220 volt regulation. A lnw vol-
and tested. The concept was proven in surprisingly tage, unregulated supply provides approximately 2.5short order. Compression to the eight to ten nano- amperes of bias current for the magnetics, with the
second regime were attained, along with a ten percent current limited by the d.c. resistance of the isola-
increase in output voltage. The implementation is tion chokes in the high voltage section.
shown schematically in Figure 3. The series
sharpener isolates the main switch from the 25 ohm All these supplies must tolerate the noise pulse
resistive load, allowing the thyratron to turn 3n in generated when the trigger unit fires. Various formsless than 10 nanoseconds. An initial, high voltage )f passive isolation filtering, combined with careful
pulse is impressed on the 300 pf capacitor which packaging attention, ensure that circuit damage does
forms an interim energy store. Saturation of the no+ occur in this severe environment. Two stages ofswitch after approximately eight nanoseconds switches a. . line filtering are also included to prevent
out the Pulse, with the charged capacitor providing a r ;' conduction to the low level electronics outside
low impedance source for the leading edge. tl:e pjlser housing.

Two air core isolation chokes are used to allow packaging
the low voltage 2.5 ampere bias source to simulatane-
ously reset both the sharpener and the output trans- A l,-ie effort has gone into the packaging of
former as shown in the figure. The effect of bias this urK.. A small package was desired, consistent
changes is minimal provided that at least 1.75 with the liminted space in the pulser housing. High
amperes is maintained, so this source is unregulited. voltage is involved, and a solid dielectric system

was selected for compactness and simplicity. A sepa-
rate low level electronics compartment was created to

2--A 4OW5 shield the power supply, and the SCR pulser is pro-
bM ooo vided with a separate enclosure within that compart-
Air cam 40, It ",.ment for double shielding.

The transformer and magnetic switch are insulatedFrom "-f " "using a system of solid dielectrics. Although yield-
300 I ing the desired compactness and simplicity, this
90kv approach requires careful attention to detail so that

reliability is not sacrificed. Our confidence in the
r- tolft*,us¢I. dielectric integrity is reinforced by the excellent
(M-ft d"ils performance of two prototypes and several brass-

boards, none of which were as conservatively designed
or meticulously implemented as the production ver-
sion. Finally, the solid dielectric system is used

13,mod S P NA~tad nu tmof.d only on the pulse side of the unit at low repetition
ptom 27 mmm.d.. ,uidC- rate; no d.c. high voltage Is impressed on the potted

ittwo. iie nh 13 mcor tk. Cown't unit.

Dow Corning DC-3110 is the encapsulant used.
MAGNETIC SWITCH SCHEMATIC Additional dielectric integrity for the secondary is

provided by an acrylic tube and plate system for the
Figure 3 transformer secondary, with a compressed silicone

gasket between them. The use of compressed elastomer
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Conclusions

By combining apgrounded grid thyratron, a fast
ferrite loaded step-up transformer, and output mag-
netic sharpening, a high performance pulse generator
has been developed suitable for triggering large gas

A.- switches. It is apparent that this technology could
also be applied elsewhere, with higher repetition
rates, opposite polarity output, or use with pulse
forming networks in place of the simple capacitive
energy store possible. Such a compact device has
requried great attention to detail, particularly in
terms of solid dielectric integrity, and extensive
testing will be carried out on production prototypes
as they become available.

J. A. ices, E. S. Fulkerson, "A Reliable
Trigger Unit for Rail Gap Switches" 9th Synposium

PROTOTYPE PULSER PACKAGE on Engineering Problems of Fusion Research,
Chicago. Illinois, 1981; UCRL Preprint No.

Figure 4 UCRL-86028.

2. R. Anderson, "Final Report - Plasma Shutter
gaskets to yield near bulk dielectric strength along Pulser Study Contract PSA11116O11" American
material interfaces was extensively investigated2  Control Engineering Inc., San Diego, CA, July
and this technique is used throughout the plasma 1981.
shutter.

Figure 4 shows the most recent prototype, which (II hI rd~cm. 8 %lot AEe .ni ef .ek ull d he . to,

is configured similarly to the final unit now inII I ifrsWoooftel'p" tk o w .
detail design. The prim difference in production p..., . lor , iiI IvWs WIihI. Wr rivpoo-ibil for IheM

chassis will be an increase in height of approxi- Mokll meWo fo ifMi.owm iltm

mately four cm to accommsodate the magnetic switch and
to allow additional low level circuit board area. he Its now ioionork .muf-o"w thffiit. doom uct alm-lird*
Production dimensions will be 19 cm wide x 23 cm high _io iQw.~.o t-m t t ie

x 38 cm long. Figure 5 gives two cross sections of %slGMo B iml (Chora o Ia iloil%-
thslyot wbhue "r W. herot. do FMot~d mr..r are let h, " o th -( orId
this layout. ~~14te, G-.oumr. thereof. wAd .. I "o be o'.d fo~r ad.ttit or prodI t,

do orgopOW..

_A-.V input conneewe ' i"
Maeti bins

1 .......
Energyinput
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Figure 5
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HIGH VOLTAGE HIGH POWER PULSE TRANSFORMER

Robert L. Haumesser
Clarence Controls, Inc., Buffalo, NY

Dr. David L. Lockwood
Clarence Controls, Inc., Buffalo, NY

Dr. A. S. Gilmour, Jr.

State University of New York at Buffalo (SUNYAB)

Dr. J. O'Connell
ERAOCOM, Ft. Monmouth, NJ

Introduction Considering the enormous peak power levels in-
volved in such a device, it might be thought that

This paper is a report on the design, development, thermal consideration would present a predominant de-
testing, and present status of the re-build program of sign limitation. However, because of the low duty
a high power, high voltage pulse transformer, cycle (0.125% on during burst), and the long period

between bursts, it is possible to design the units
The unit was originally designed under the aus- under adiabatic conditions (total lost energy absorbed

pices of Mr, J. O'Laughlin, AFWL, and was constructed in the temperature rise of the core and coils during
by the Raytheon Corporation. It is not the intention the burst) and still obtain reasonably sized conduc-
of this paper to discuss in detail the multiple as- tors.
pects of the transformer design; however, a few general
comments on the design of such a unit may be in order. A more difficult problem is to obtain a design

exhibiting a low enough leakage inouctance to achieve
the required pulse rise time. The leakage inductance

Design design goal for this transformer was 0.1 mlcrohenry

maximum. The leakage inductance of a layer-wound coil
owsThe design goals of the transformer were as fol- may be estimated from the expression

Output voltage 163 kV L - 3.19E-8 N2 l/n2h !cu + kSpl
Output current 32 kA Peak 7- .4
Input voltage 19.2 kV where L - leakage inductance, henrys
Pulse width (90%) 10 p sec. N a number of turns
Pulse rise time (10-90%) 2.O sec. max.
Pulse droop (10 p sec.) 1% max. I - mean length per turn, inches
Pulse rep rate 125 pps
Burst mode 100 sec. on; 10 min. off n = number of interleaves
Volume 0.53 cu. met. max. h - height of conductor layer, inches
Weight 500 kg. max. Cu - total thickness of condjctor, inches

The completed unit is an iron core transformer, (Sp - total thickness of insulation tetween
using copper sheet conductors. Layer-to-layer and windings, inches
winding-to-winding insulation is provided by multiple
wrappings of 5 mil mylar, separated by kraft paper.
The entire assembly is immersed in a liquid dielectric Leakage inductance can be reduced by minimizing
(ethylene glycol). the number of turns, the mean length per turn, and the

conductor and insulation thickness, or by maximizing
Figures 1 and 2 show the completed unit. The the number of interleavings and the conductor height.

large unit to the right in these figures is a trans- However, these parameters are inter-dependent, some-
former built to essentially the same specifications, times in an indirect fashion. For example, increasing
but designed conservatively with no low-weight goals. the number of interleavings reduces leakage inductance,
That unit weighs approximately 10,000 lbs. but it also increases the total inter-winding insula-

tion thickness and the mean length per turn, both of
Figure 3 is a view of the core-coil assembly which increase the leakage inductance. Because of

before immersion in the dielectric tank. The unit their effect on the core window area and form factor,
uses a cut core (C-core). These are two coils in par- the total transformer size and weight are also strong-
allel, one around each core leg. The parallel high ly dependent on the values of these parameters. Their
voltage terminations can be seen at the left of the selection and evaluation form a large part of the
structure. The feed-throughs on the top cover are design process.
utilized for a distributed primary input, in order to
maintain a low inductance feed path.
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Figure 1. 5 GW Pulse Transformer Figure 2. 5 GW Pulse Transformer
Top View

.1k ! .........

Figure 3. 5 GW Pulse Transformer, Core-Coil Assembly
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Testing

Following completion of the build and checkout of
the transformer, it was shipped to U.S. Army ERADCOM,
Ft. Monmouth, New Jersey, for testing.

High voltage/high power test of the iron core ..
transformer utilized a brassboard line type modulator. Z
Initially, only 3 one megawatt average power modules
of the multimegawatt device were used. The test plan
was to first evaluate high voltage performance before
proceeding to high average power levels. To that end,
charging chokes totaling 9.5 henries were used to ob-
tain a resonant frequency of 6.8 Hz. Relevant pulser
characteristics are given below.

PULSER CHARACTERISTICS (3 MODULES). 
.

Peak Voltage 40 kV

Energy 24 kJ

Peak Current 120 kA Figure 4

Pulse Width 11 p sec UPPER TRACE: Load Voltage, 20kV/cm
LOWER TRACE: Load Current, 2KA/cmRise Time 1 p sec

Pulse Rep Rate 6.8 Hz

Impedance 0.167 ohm

The secondary of the pulse transformer was con-
nected to a low inductance copper sulfate load with a
nominal impedance of 12 ohms. The transformer was
provided with a separate bias reactor during the bulk
of the testing to be described to provide 50 Amps dc
of core reset.

The voltage was increased slowly until 8.1 kV was
measured at the primary of the pulse transformer. Fig-
ure 4 shows the load current and voltage obtained at
this point. The measured secondary voltage was 70 kV
giving a calculated step-up ratio of 8.7. The load
current was 6 kA. The rise time from the 10% to the
90% point was 2.2p sec. and the fall time over the
same interval was 4.5 u sec.

The first indication voltage breakdown inside the
pulse transformer occurred when the secondary voltage
reached 106 kV at a load current of 9.5 kA (Figure 5).
The power was shut off after a breakdown was heard in
the transformer. No external signs of arcing were Figure 5
visible and the test continued. On the next run, where UPPER TRACE: Load Voltage 50kV/cm
the voltage was increased in a stepwise fashion, two LOWER TRACE: Load Current 5kA/cm
breakdowns were heard at a secondary voltage of 117 kV
and a load current of 10.2 kA. After the two failures,
the pulse transformer continued to run below secondary Failure Analysis
voltages of less than 100 kV. The last attempt to
increase the voltage reached a secondary voltage of Upon receipt at Clarence Controls, Inc., the
122 kV and a load current of 9.8 kA before a series of transformer had been mostly drained of dielectric. A
breakdowns occurred. The slightly lower value of load few inches of a dark brown, oily substance remained in
current here is due to higher impedance of the liquid the bottom of the tank. This was presumed to be
load. After this failure, glycol was seeping out of ethylene glycol, but no effort at analysis was made,
the seal on the transformer case and testing was term- due to the extreme degree of contamination.
inated and sent to Clarence Controls, Inc. for failure
analysis.
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The core-coil assembly is mounted to a plate,
which in turn is suspended from the top cover by four
support rods, bolted at the mounting plate and welded
to the top cover. One of these rod-to-cover welds
nad broken and subsequent inspection showed cracks in
the three remaining welds.

The disassembly sequence is shown in figures 6
through 11.

In figure 6, the high voltage bushing has been
removed and the cover, along with the core-coil assem-
bly, has been removed from the core. The assembly is
inverted as shown.

Figure 7 is similar to figure 6, but showing the
side on which the failure occurred.

In these two figures (6 and 7), the paralleled
coil output terminations may be seen. The two sep- Figure 8
arate coils had been over-wrapped with 20 layers of
5 mil mylar.

Figure 8 is a view of the damaged coil after the
first 10 layers of outer wrap had been removed. Note 1 I.
the evidence of arcing in the remaining outer wrap
insulation and in the mylar sleeve around the primary 1

ground terminal below the outer wrap.

Figure 9 is a view of the same area with all the
outer wrap insulation removed along with the primary
ground mylar sleeve insulation. The coil insulation
seen here is the outermost wrap of the individual
damaged coil.

#A .., .

Figure 9

In figure 10, the core-coil assembly has been
removed from the cover and re-inverted to its normal
position.

£Finally, figure 11 is a view of the damaged coil
. .after removal from the core structure. Results of

" "the failure were evident throughout the seven layer
thickness of the outer secondary winding, but appeared
to be most predominant at the outermost (highest volt-

Figure 6 age) copper layer.

It, therefore, appears that the breakdown occurred
from the outermost secondary copper layer to the cen-
ter grounded strap of the outer primary winding. A
similar voltage gradient condition exists adjacent to
the grounded straps of the outer primary winding at
each end of the zoil, except that at the termination
end, 5 x 12 inch 5 mil thick mylar pad was inserted
between each layer of insulation between the outer
secondary and the outer primary. This type of barrier
should be provided adjacent to all coil termination
straps.

A detailed analysis of the localized field dis-
tributions, as conducted by Dr. A. S. Gilmour, Jr., of
the State University of New York at Buffalo, follows.

Figure 7
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A cross sectional view of the subject transformer
I is shown in Figure 12. The primary design voltage was

20 kV and the secondary design voltage was 163 kV.
The pulse width was 10 p sec. This section contains
an analysis of the potential distributions and elec-

tric fields in and near the windings. Particular

emphasis is given to the hioh-field region identified
in figure 12. This is the region at the edge of the
outer foil of the secondary winding on the transforme,"
where failure occurred. The failure mode was severe
arcing in two locations at the edge of the foil. A
separate report contains analytical derivations of
typical field and potential distributions found in

transformers and capacitors. The primary result of
these derivations is a calculation of the field en-
hancement factor at the edge of a foil in a trans-
former or capacitor.

Winding Configuration
Figure 10

Each of the two coils of the transformer con-
sisted of several windings. As is shown in figure 13,

two primary windings were interleaved between three
secondary windings. This configuration resulted in a
calculated leakage inductance of less than 0.1 pH for
the entire transformer.

The conductors used for the windings were copper
foil. For secondary windings #1 and #2 the foil was

- -- 5 inches wide and 0.008 inch thick. For secondary
windfng #3 the foil was 4 inches wide and 0.008 inch
thick. For the primary windings, the foils were 5
inches wide and 0.032 inch thick. (Each 0.032 inch
thick conductor consisted of 2 each 0.016 inch con-
ductors). The numbers of turns on the windings were:

Secondary #1 7
Secondary #2 12
Secondary #3 6
Primary #1 3
Primary #2 3

Figure 11

Termtinals in tot) cl
.,ink (not shown' Low-side

. connection to
* -r"  primary windirnn

* -Solid dielectrIC

- Ethylene glycol

S._'_High field regicri

~'Trans for,Ier.,I !'I* ~ i Icoil
-Tank

I ,Coru

Figure 12. Cross Sectional View of Transformer
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A /VAV/Al connected so that the high-voltage side was adjacent
to the core. Then, the potential of the winding de-
creased as distance from the core increased. The low

. ). voltage side was approximately 0.25 inch from the
_core.

The potential at the center of the insulating

layer between secondary winding #1 and the core is
* shown to drop linearly from the voltage level at the

inner surface of the winding to zero at the core. At
the edge of secondary winding #2, toward the core, the
potential distribution in the insulation is shown to
be concave downward. Thus, the electric field at the
inner surface of the inner conductor of secondary

Nwinding #1 is higher near the edge of the winding
L than at the center of the winding.

As distance from the core and from secondary #1
increases, the potential increases through primary #1

-- and then through secondary #2. From the high side of
Z secondary #2, the potential drops to zero through
- primary #2 and then increases to the maximum value of

163 kV at the outer side of the 3rd secondary wind-
"N ing. The potential then drops rapidly through the

L layer of mylar/kraft insulation surrounding secondary
#3. Because of the high dielectric constant of the
ethylene glycol, the potential drop across this fluid
is small. Finally, there is a substantial potential
drop across the relatively low dielectric constant
insulating liner of the transformer tank.

Insulation failure occurred in the high field
region (encircled region #3 in figure 14) at the edge
of the outermst layer of secondary #3. There, as is

shown by the dashed line, the gradient in potential( K (was extremely high.

Electric Field Calculations

Two techniques were used for determining electric
Y arlykra ft field distributions in the high field regions of the

1:flato transformer windings. The three high field regions

designated by circles 1, 2 and 3 in figure 14 were
considered. Analytical techniques were used for re-
gions 1 and 2. For region 3, potential contours were
determined by a finite difference technique. The

.. W. fields in region 3 are calculated to be far larger
than in regions 1 and 2 and are considered first.

Figure 13. Winding and insulation configuration in Shown in figure 15 are the details of the winding
5 GW pulse transformer and insulation configuration near region 3. The sur-

faces defining the potential distribution are the

secondary winding with voltages from 120 to 163 kV.
and the wall of the transformer tank and the low-side
connection to the primary winding, all at zero poten-

The windings were separated and surrounded by tial.
sheets of 0.005 Inch mylar separated by 0.001 inch
kraft paper. The entire transformer was immersed in Shown in figure 16 are the equlpotential con-
ethylene glycol. Thus, the dielectric constant of tours near the edge of the outer turn of the secondary
the insulation system ranged from 2.5 for mylar to winding. The edge of the winding is shown with square
40 for ethylene glycol. corners because the copper foil used to fabricate the

winding was sheared and the edges were not rounded
prior to use in the transformer. As was indicated in

Potential Distribution figure 14, the effect of the ethylene glycol was to

force an extremely sharp potential gradient in the
The potential distribution throughout the wind- mylar/kraft insulation layer surrounding the secondary

ings is plotted vs distance from the core in figure winding.
14. Winding locations are indicated by the finely
cross hatched areas. The uppermost solid line is the The field level between the 130 kV and 150 kV
potential distribution near the center of each wind- contours in figure 16 is on the order of 1000 V/mil.
ing. The dashed lines show the potential dlstribu- The direction of this field is predominantly perpen- (
tion at the edges of the windings. dicular to the surface of the winding. If the insul-

ation was not defective, it should be able to with-
Thus, for example, secondary winding #1 was stand this field level.
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Outer turn of secondary 163 kV
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Figure 16. Equipotential Contours in uigh Field Region
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Between the 130 kV and 150 kV contours near the Failure Analysis Sunmmary
edge of the winding, the direction of the field is
predominantly parallel to the surfaces of the layers In summary, the configurations of the windings
of insulation. A level of 1000 V/mil along the Sur- and the insulation system in the subject 5 GW pulse
face of an insulating layer is extremely high and transformer have been described. The potential pro-
would very likely cause failure of the insulation, files within the windings have been determined and

three regions in which extremely high field levels
Near the edge of the outer turn of the secondary existed have been identified. The electric fields in

winding ,fhe field is far above 1000 V/mil. In par- these regions have been calculated. The highest field
ticular, the field at the corner of the conductor is level is in the region where failure of the trans-
extremely high. This field may be estimated with the former occurred and is estimated to have been well in
aid of equations that have been derived for electrode excess of 10,000 V/mil. The field level in the other
and potential configurations similar to that near the two regions is estimated to have been in the 2000 to
corner of the winding. For example, for concentric 3000 V/mil level in a direction parallel to the sur-
cylinders and for a cylinder parallel to a plane face of the insulation. This high field level would
plate, the electric field is as shown in figure 17. probably have resulted in eventual failure of the
The field at the corner of the outer winding is corn- transformer, had it not already failed because of
parable to the field at the surface of the cylindri- breakdown in region 3.
cal conductor of radius, r, in figure 17. The 150 kV
potential profile has a curvature between that of the One of the reasons for the extremely high field
outer cylindrical electrode and that of the plane in levels at the edges of the windings is that the copper
figure 17. Thus, we would expect the field enhance- foil used for winding fabrication was sheared and the
ment factor, F, for the corner of the electrode in edges were apparently not subsequently treated to
figure 16 to fall between the two curves in figure 17. remove the sharp corners resulting from shearing.

Even if the edges of the foils had been rounded, field
The radius of curvature of the corner of the levels would have been very high and failure may have

sheared edge of the outer turn of the secondary is resulted. Improved winding and insulation configura-
not known, however, it is certainly far less than tions would be necessary to prevent failure.
0.001 inch. The spacing between the 150 kV profile
and the corner of the electrode (which corresponds to Dr. Gilmour's analysis provides valuable insight
a,in figure 17) is about 0.007 inch. As a result n/a into the problems of very high localized potential
is much less than 0.1 and so the field enhancement gradients and possible failure modes. However, the
factor, F, is on the order of 7 to 10. Multiplying existence of high local potential gradients based on
AV/a at the corner of the electrode (163 kV-150 kV static voltage conditions does not necessarily result
or 13 kV divided by 0.007 inch) by F, the field at the in a catastrophic failure. Such a failure will occur
corner is found to be well in excess of 10,000 V/mil! only if a sufficiently conductive path to a potential
To make matters even worse, a significant component sink (ground) is present for the energy involved.
of this field is parallel to the surface of the in- Such a path was present in the subject transformer to
sulation layers This field is far too high to be the outer primary ground strap. The introduction of
supported by the insulation and failure is to be dielectric barrier into this path will prevent repe-
expected. tition of the breakdown in the rebuilt transformer.

Because of the high surface potential gradients, there
The field In regions 1 and 2 of figure 14 may be will be surface charge flow, leading to a potential

estimated with the aid of the profiles shown in fig- field redistribution. These capacitance-like effects
ure 18. One is triangular and the other is basically will result in dielectric losses, but they should not
tent shaped. For this analysis, the radius of curva- be significant, particularly for short term consider-
ture of the edge of the high voltage electrode is ations.
assumed to be one half of the thickness of the elec-
trode. As a result, the field enhancement factors Transformer Rebuild
that are calculated are less than are present for
sheared electrodes such as those in the subject The subject transformer was rebuilt by Clarence
transformer. Controls, Inc. The cores and case assembly were

cleaned and re-used. The coils were re-wound, using
One side of each the potential profiles in re- all new materials. Changes and/or precautions taken

gions 1 and 2 of figure 14 is like the triangular in the re-winding procedure included:
profile of figure 18 and the other side is like the1.Fiedswrehnfnsedtelmae
tent shaped profile. As a result, the field enhance- burr anl dgprodue han smoothe roe edgmne,
ment factors for regions 1 and 2 would be expected to bradpoueasot one de
fall between the two lines given in figure 18. Since insofar as possible.
the normalized radius for regions I and 2 is in the 2. Primary and secondary grounds were brought
range of .01 to .03, the field enhancement factors out separately, to simplify instrumentation
for electrodes with rounded edges would be approxi- and testing.
mately 5. For sharper cornered electrodes this3.Adtoa inutngpswee nerd
factor would probably be in excess of 10. Thus, the 3.Addiatoalslacoilg tematweinsetraps
muaximumn f ield in regions I and 2 of figure 14 would ajcn oalci emnto tas
be In the range of 2000 to 3000 V/mil parallel to At the time the abstract for this paper was writ-
the surface of the layers of insulation. This is well ten, it was expected that the rebuild and testing of
in excess of the field level that can be expected to the transformer would have been completed by the time
be supported in these regions and so failure can be of this presentation, and the results could have been
expected to occur eventually even though it did not reported. For various reasons, the programiIs about
occur during the very brief testing performed on the six to eight weeks behind schedule, and the rebuilding
subject transformer, is just being completed. It is expected that testing

of the rebuilt transformer will be completed at (
ERADCOM, Ft. Monmouth by the end of July 1982. Re-
sults of these tests will be published as soon as they
are available.
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ANALYSIS OF A HIGH POWER, PREIONIZED GAS
SWITCH WITH LOW INDUCTANCE AND LONG LIFE*

by

A. Ranrus and N.E. Pereira

Maxwell Laboratories, Inc.
8835 Balboa Avenue

San Diego, California 92123
(714) 279-5100

ABSTRACT TABLE 1
SWITCH PARAMETERS FOR LASER ISOTOPE SEPARATION PULSERS

Pulse power requirements for laser isotope sepa-
ration (LIS) call for an output switch capable of
switching 60 kV into a 0.5 ohm load with an induct- Parameter Specification

ance of 10 ni and life exceeding 108 shots. With the
exception of life, these requirements can in principle
be attained with advanced multichannel spark gaps. Voltage 60 kV

The limitation on life occurs because electrode ero- Rap-rate To 1250 Hz

sion of the channels pits the electrodes. Channeling Pulse width 60 neec

can be avoided with preionization as done in lasers. Coulombs per pulse 5 mC

We have analyzed the feasibility of using preioniza- Energy loss <10 percent of switched

tion to inhibit the formation of channels in a rep- energy

rated gas switch. One technique includes the use of Jitter 2.5 nas

X-rays from a theralonic diode. This X-ray generator Current 75 kA

can provide preionization electron densities in the Voltage reversal 100 percent
range of 107 to 108 c*

-3 
as required to promote uni- Inductance <10 nil

form discharge at atmospheric pressures. Detailed Life >108 closures
design of a system capable of meeting the LIS require-

ments is presented.

Were it not for the lifetime requirement, gas-
LThisawory waser fuded byLosAlamo. atioaplasma rail switches developed over the last five

years would meet the requirements with only modest

improvement. These conventional rail switches operate

INTRODUCTION by generating channels which emanate from a field-

enhanced trigger electrode. Plasma channels cause
Pulsers for laser isotope separation take the erosion of the electrodes at a rate which appears to

general form of a pulse-charged transmission line exclude this type of rail switch from the long lived
which is repetitively discharged into a laser load. A applications of interest to the isotope separation
critical component in the pulser is the output switch plant designer.
that repetitively discharges the pulseline into the
laser, then recovers during the interpulse period. In One approach to the elimination or reduction of
one design, the output switch is located between the erosion is to prevent plasma channeling in rail
charged pulseline and the laser load, as shown in a switches. To accomplish this, we adapted the technol-
simplified view in Figure 1. The pulsepower require- ogy developed for preionized discharge lasers.
ments for this output switch call for a 60 kV, 75 kA, Prelonized discharge lasers operate by initially con-
low inductance switch capable of operating at a ditioning an appropriate gas mixture with ionization
1250 Hz pulse repetition rate. The specifications are and excitation by fast electrons, UV light or X-rays.
shown in Table I. Once perfected, these rep-rate Subsequently, a fast risetime uniform field of
pulsers may be installed in plants which must operate 1-10 kV/cm is applied which causes the gas to undergo
for weeks without significant down time or mainten- a steady uniform discharge for periods up to about
ance. Therefore, an important requirement for the 100 ns.
switches is their lifetime, which should exceed 10

9

discharges in order to attain weeks of continuous During this discharge, energy is being pumped
operation. into the laser medium which serves as the load. For

efficient laser pumping, the effective resistance of

1 ~-UL5GC4AUQW 04PePORM MOOas- the laser load should match the pulsar impedance.- In
cases of interest to a laser isotope separation pro-
gram, the load resistance is in the range of 0.5 ohm.
In practice, the resistance is variable and depends on

a,' -/ the configuration of the laser, the character of the

applied waveform and the laser gas./UNO am sw eD We have explored methods by which configurations

similar to those used in lasers can be used in low in-

ductance switches. For lasers, an important objec-
tive is to maintain the matching resistance for the
entire pulse duratign. In contrast, for switching
purposes, the objective is to have the minias posel-

Figure 1. Simplified cross-section of pulseline, ble resistance in order to minimise lose, while main-
output witch and laser. taLniag uniformity in the discharge for low erosion.
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Figure 2 shows a range of current densities with midplane. In contrast, the trigger electrode in the
the laser discharge and spark gap regimes cross- uniform discharge switch is a robust midplane about
hatched. A laser discharge has a relatively high 1 cm thick. Figure 3 shows the cross-section of a
resistance, indicated by the conductivity (on the ver- standard Maxwell rail switch now under extensive use
tical scale) as function of current density (solid in high current, low inductance applications through-
line), while arcs have a low resistance. Electrode out the world. The overall width (measured along the
melting is the main life-limiting factor for spark gap rail and perpendicular to current flow) is about 20".
switches, and this prohibits operation of our switch When designed for 50 kV, this switch has 10 nH of
in the melting regime (cross-hatched) beyond about equivalent series inductance; for 100 kV, it has
200 kA/cm2 for our parameters. The resultant operst- 20 elH.
ing regime falls in between the laser discharge and
the electrode melting limits, as indicated by the bar
in Figure 2. The current density can be controlled by
selecting the proper electrode geometry.

E 104 PRE-IONIZED
SWITCH REGIME

0
b 104 ARCS

OIFFUSE LASER
102 DISCHARGE

ELECTRDE
MLTING

100

102 104 108 100

J (A/cm2)

Figure 2. Current density regimes for diffuse 
4.5" (11 cm)

laser discharge. electrode melting,
and arcs. The conductivity in these
regimes is suggested by the solid Figure 3. Cross-section of 50 kV rail switch with
line. 1OnH effective inductance. Rall length

is 14" and switch length is 19.5".
This paper summarizes the results of Maxwell's

feasibility study of a switch design capable of meet-
ing the above specifications. To meet this objective, Spark gaps which operate at rep-rates up to I k&z
a three electrode X-ray prelonized switch was con- have also been developed at several laboratories. The
ceptually designed. Switch resistance, inductance and flow designs of gas purged switches and that consid-
the X-ray power requirmonts were estimated. Particu- ered for uniform discharge switches are similar. The
lar attention was focused on the resistance because objective of the flow design is to purge the arc pro-
this could only be estimated after simplifying assump- ducts from the interelectrode spacing and to bring
tions were made on the switch plasma parameters. This these products into a zero field region as rapidly as
leads us to conclude that experiments are essential to possible so that re-strike does not occur when the
demonstrate whether a preionized, uniform discharge switch is re-charged.
switch has a sufficiently low resistance to be useful
in low loses applications. Lasers

To attain uniform dischargea at atmospheric pros-

BACKGROUND sure in lasers, the gas can be first preionized; then
an electric field is applied across the laser chamber.

Pule Power A simple physical model to estimate the preionization
requirements was proposed by Palmer

4 
and extended by

The conceptual design of the uniform discharge Levatter and Lin
5 
and others.

switch results from developments in pulse power and in
laser technology. In pulse power, two operational This model applies to the breakdown of moderately
switch designs were considered: (1) rail switches overvolted gaps in which a single electron starts an
which operate reliably in the 50 kV to 100 kV range avalanche. The secondary electrons rapidly drift away
with an inductance of 10 nH to 20 nH over a 50 cm from their place of birth, antiparallel to the field
widthl and (2) gas-blown single-channel switches, for direction, and then diffuse laterally. The result is
rep-rate operation in the voltage range of 50 kV to a streamer, a cone-shaped region with positive, eta-
over 100 kV 2,3. tionary ions, and a head of negative electrons. The

electric field from these separated charges soonTriggering of the uniform discharge is similar to exceeds the breakdown field. The self-field acts on
that of multichannel rail switches in that both have other electrons in the neighborhood of the streamer,
widplanes which are overvolted in order to initiate which then form their own streamers. The process is
the conducting plasma. However, the rail switch has a assisted by photoionization. Soon the gap is bridged
sharpened midplane and does not use pteioniaation, by interlocking sparks, and a single arc-channel
other than that which occurs from corona along the forms.

68

-ll - -I



Individual spark breakdown is prevented by pro- contamination by gases which are strong infrared
viding sufficient electrons distributed throughout the absorbers. However, there are other electronegative
gas so that the streamer heads overlap before their gases potentially suitable for switching.
self-field is sufficient to cause further avalanching.
For this the initial electron density should exceed Discharge Resistance
the value:

We now consider the resistance of the plasma
ne > 1/rc

3  
generated between an arbitrary pair of switch
electrodes spaced at about I cm, in a uniform-field

where rc is the streamer head radius when the streamer configuration at one atmosphere pressure.
self- field starts to exceed the external field. This
radius rc is typically about 0.01 cm, roughly corres- The discharge resistance depends on the kinetics
ponding to ne of 106 cm

- 3
. of the various species present in the switch plasma.

Factors, that cannot be completely specified at this
A useful gas switch should have a non-conducting time, such as applied waveshape, gas species, and

state, wherein. the voltage across the electrodes is pressure, also have a significant influence on the
insufficient to break down the gas. With a short discharge resistance. Table 2 shows discharge
trigger pulse the gas should go over into a highly resistivity and resistance for several assumed
conducting stage, which can be maintained by a rela- ionization fractions. These calculations show
tively low voltage drop. Following are general com- desirably low final values of resistance. To attain
mants on the losses which occur in plasmas with resid- any given ionization fraction, it is necessary to
ual electric field. deposit at least the ionization energy into the gas.

For example, this ionization energy falls into the
A stable homogeneous high-current discharge has a range of 10 to 30 eV and for an ionization density of

thin sheath near the negative electrode. Beyond the 2.5 x 1021 m-
3 

(i.e. O.1Z at atmospheric pressure)
sheath the electric field is constant. It should be 4-12 kJ/m

3 
is required. For the discharge volume of

emphasized that this field, also called the sustaining 10 cm
3 

(10
- 5 

m
3
) we would need 40 to 120 mJ. This

field of the discharge, is always less than the break- energy is readily available during the early stages of
down field for the gas before the discharge has switch closure and would be deposited within the first
occurred; if the gas remains relatively cold during nanoseconds provided the prompt energy goes into
the discharge the sustaining field will be comparable ionization rather than into molecular vibration. To
to the breakdown field. In contrast, if the gas is compensate for these losses, up to a factor of three
vibrationally and/or electronically excited to a sub- higher energy density may be required, but that is
stantial degree (in addition to being weekly ionized) still acceptably small.
the sustaining field may be substantially lower than
the initial breakdown field. For switching purposes, TABLE 2
reducing the sustaining field is mandatory to reduce PLASMA RESISTANCE IN A RIBBON-SHAPED DISCHARGE
losses. WITH CROSS-SECTIONAL AREA OF 10 cm

2

AND LENGTH OF 1 cm
The sustaining field must decrease over a 1 -

10 ns time scale. This means that in this short time
the gas composition must be altered, to contain many Assumptions Ionization Resistivity,r Rsistance,R
excited states and other easily ionizable molecules. % ohm-cm i-ohm
For this we need a large power density which is equiv-
alent to a large current density. Because of this
consideration, there is an upper limit to the dis- • A 1.0 0.04 5
charge area that can be used for a switch with a given
resistive loss. The lower limit of this discharge B 0.1 1.0 130
area is the allowable current density which may be
attained without melting electrode material. B 1.0 0.1 13

In conclusion, to create uniform discharges suit-
able for switching, we must promptly deposit suffi- A - Strong ionization; electron temperature T. - I eV;
cient energy density in the gas. In addition, we must r1 - 6.53 x 104 T, 3/2 ohm - cm 6,7
minimize the total energy deposition in order ;o
benefit the switch efficiency. A possible B - Weak ionization; momentum transfer cross-section,
configuration for the discharge plasma is a thin - 7 x 10-16 cm

2
; T. - I eV, r2  m aefc/(0e0

2
)

ribbon 0.1 cm thick, 1 cm long and 75 cm wide. Then, where the electron collision frequency
the desired heating will occur due to the high power fc - uoqcvth, Vth

2 
- kTe/me.

dissipation in this limited volume.

We evaluated the use of air as a switching medium In practice, a monatomic gas such as argon, with
suitable for prelonized switching. Low switch small quantities of an electro-negative gas such as
resistance can occur only if we rapidly ionize the air H2 , or 02 may be more suitable. For higher pressure,
to create the low resistance plasma. To accomplish the required energy is proportionally higher but still
this the energy must be deposited in electron within acceptable limits.
ionization rather than in molecular vibration or
rotation. Therefore, a monatomic gas such as argon The NRL CHMAIR air chemistry code 8 can analyse
may be preferable if an electronegative component, the switch behavior as a function of time by following
such as 02, were added. Interestingly, we have the kinetics of the air during preionization.

9 
Using

considerable experience with gas mixtures consisting this code, the ionization growth from X-rays, and the
of an inert and electronegative gas. Maxwell's discharge characteristics of the switch in a given
product line of multichannel rail switches employs circuit were studied. In contrast, the previous cal-
Argon - SF6. We probably cannot select SF6 for this culations ignored the complicated interactions between
particular switch, because the environment in which the various processes. The CUDAIR calculation of
the switch will be employed cannot tolerate resistance is shown in Figure 4.
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F___ 
_ e d r

Me - p (W x b x d)

where p is electrode density, W is rail width, and b
Ls eroded depth, assuced equal from each of two elec-
trodes.

For N discharges of Q coulombs each, the erosion
rate is:

to
Xia 10 Re - bWd p/QN

in our case, W - 75 cm, Q - 5 mC per pulse, the
density p is 15 &/cm

3 
and d is 0.5 cm. Consider the

10 -\1 AT  allowable electrode change of 10% of d. Then, b is
0.05 cm. The allowable rate Re for 108 shots is:

5' ' . Re - 0.06 mg/C

0.1
0 5

TIME (ns)

Figure 4. Switch resistance R versus
5

tine for eiectrode area I cm' (solid)
and 100 cm (dashed), at I atmolphere,
and for 5 atmosphere and 100 cm
(dot dashed).

The switch is part of a series circuit with EROSION RATE R FOR N DISCHARGES
resistance ILL - 1 ohm, and assumed inductance of
10 nB. The voltage is 60 kV over an assumed I cm bWdp
switch gap, with electrode area varying between 100 Re N 0cm

2 
and 1 cm

2
. This 60 ky/cm field was selected as a

reasonable simulation of the breakdown conditions in a
pulse charged air switch at one atmosphere pressure. Figure 5. Geometry for erosion calculation.
The resistance falls precipitously in the first as to
about 10 ohi, and decreases more slowly over the next
5 ne to about 2 ohm, with an apparent limiting value
of I ohs. Other calculations have shown this resist- This rate may be attainable in ai ,gle shot

ance is insensitive to electrode area. This calcula- switches without gas flow. For flow speeds of about
tion suggests that air is not suitable to meeL the 60 m/s, we would expect much larger erosion rates if
objective of low lose. The relatively large amount of channeling occurred. We conclude that the reduction
energy which goes into the vibrational modes explains in erosion rate to be obtained by the uniform dicharge
the relatively high resistance obtained with CHIMAIR. switch is required for the specified life. From a

uniform discharge switch we expect extremely low
Erosion erosion rates because the electrode temperatures are

low compared to those in the arc contact points
Electrode erosion is the primary life-limiting between arc and electrode.

mechanism in gasous discharge switches. The main
causes of erosion are electrode melting, ejection of Electrode Melting
material evaporation, and, in some cases, sublimation.
This problem is most severe when channeling occurs In an arc discharge electrode melting dominates
because the current densities are high, and tend to over other erosion mechanisms. The energy input to
sae the electrodes at the channel contact points, the electrode occurs at the surface. In the first few
There is recent evidence that erosion rates are nanoseconds the current rises linearly with time, and
further increased when the gas flows through the spark the corresponding energy has some time to be conducted
gap at high speeds. In static cases, erosion rates of away. Therefore the effective energy input is not
0.01-0.1 mg/C have been measured.

1 1  
At high flow singular at the electrode surface, but is spread out

speeds, erosion rates may increase to 0.5 mg/C to over a small layer.
I mg/C.

The typical thickness d of a thermal conduction
The mal effect of erosion is to alter the elec- layer isI2,

13

trode Sap spacing and shape which affects switch per-
foruance. The tolerable amount of erosion depends on
the gap spacing; small gaps at high pressure can d2 - (D/Cv) tp
tolerate less change than can large gape. Consider (
Figure 5, where we asums that a section of electrode where 0 is the heat conductivity, C. the heat capa-
material whose height equals the gap spacing, d, is city, and t. the pulse time. Typical values are 0 -
uniformly eroded.The lost volume is W b d from two 4. (Jra-I s-

1 
K-1) and Cv - 3.5 (Jc

3
'3KI')(for

electrode surfaces. In that case, the total eroded copper), so that, approximately d2 in cm
2 

- t in
Us is: seconds.
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To find the temperature rise Td we assume that TABLE 3

the heat spreads evenly over a layer width d. Then THERMAL CONDUCIVITY AND HEAT CAPACITY

2d (JV 
2 tFOR/VARIOUSETALS

where J is the current density and Vd the effective C~c- K1 ( Xl- KL C
voltage that accelerates the ions or electrons which Ol) DJcs5 OK) Dv
subsequently collide with the electrodes and transfer Copper 3.5 3.9 3.7
their energy. For Vd we take an estimated value of
200 V, corresponding to a typical sheath voltage. W~e Mlybdenum 2.8 1.5 2.0
ignore any voltage drop due to the plasma/electrode
interface, (from oxide layers or othervise) and we Tantalum 2.5 0.5 1.1
also ignore any Joule heating.

Tungsten 2.8 2.02.

Figure 6 shown the temperature rise in copper
electrodes as function of current density and pulse
time. For our nominal 100 ns pulse and an allowable
temperature increase Td - 100 do rees K, the current
density is limited to 2 x 10 A/cml Is CoeMepa

to work at about 10 kA/cm2 , andUS thFLOWarr rc
should not exceed 15 degrees per pulse. E No-SUPPORTEO

INLETFLOWTRIGGER ELECTOOC

1000 1 n WATERINE Z

A 'M7 LASER

~* *~ - -,PRESSURIZED .

100 111 MAl. EL.CTRODES r1** '

10ns5 Wnau TANTALUu M

rANGN

THERMIOINC INUAO
ELECTRON SOURCE

lo10 o 0 Figure 7. Conceptual design af a prejonized
10~ l~ 10 10'60 kV rep-rate switch.

J A1=m
2
)

Figure 6. The temperature rise T d in the ectoe Pulseline Design
thermal diffusion layer for diferent

pulse time t as& function of current The cross-sectional dimensions of the 0.5 ohm
density J. Ppulseline are based on an assumed pulseline width of

0.75 m. A practical match to the laser leads to a
The temperature rise depends weakly on the elec- stack of two I ohm pulselines connected in parallel to

trode material through the -1/2 power of (DC.,). drive the 0.5 ohm laser load. For compactness, we use
Table 3 gives these quantities for various elements water for the striplines dielectric. The overall
that are commonly used as electrodes. The factor pulseline size would then he about one moter on each
(Ov) is also entered. Copper is clearly the beat side including allowances for insulation at the edges
material because of its low temperature rise, but it of the charged conductor.
melts sore easily than the other materials, It may be
best to use a tungsten/copper mixture, or perhaps The impedance is estimated from the formula
tungsten-plated copper. Z-37omxh(O5W

For rep-rate, average power dissipated in the where Z is pulseline impedance, k is relative dielec-
electrodes must be carried away. The electrodes in tric constant, h and w are plate spacing and width,
our switch are immersfed in flowing gee; separate respectively. Substituting k - 80 for water, end Z -
electrode cooling should not be necessary. L ohm, 0.75 a width yields a plate separation of 1.8

cm. In this way, the I ohm impedance is obtained in a
SWITCH D931GN line whose electrostatic field is about 33 kV/cm,

substantially below the 70-100 kV/cm breakdown field
Following is a discussion of the switch hardware of a rep-rated water system. A part of this line is

ashown in Figure 7. shown in the drawing.
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High-Voltage Insulation Razor cathodes are often used as electron
sources, although here they may not be suitable as

The switch electrode connected to the pulseline field emission sources because of the nonuniformity in
must be insulated for the full 60 kV charge voltage, emission. Recent work

lO 
with carbon felt is promising

Consider the overall gap spacing, which is the sum of because felt cathodes emit electrons uniformly. In
the distances between the trigger electrode and the that case, the field emission source would eliminate
two main electrodes. The insulation (breakdown) the power requirements for the heater in the thor-
strength is assumed to be comparable to that of air, mionic cathode. At this writing, carbon felt cathode

about 25-30 kV per cm-atmosphere. To prevent break- life is limited to the 106 shot range due to degrada-
down we would use a design stress about 75% of that tion of emission from the felt.
value, or 20 kV/ca-atmosphere. The operating pressure
id specified by an engtingg compromise between the GAS DYNAMICS
desirability of operating at maximum pressure with
minimum gap in order to reduce losses, while maintain- Flow Velocity
ing a sufficiently large gap to be relatively Insensi-
tive to erosion effects. For this design, we select The required flow speed is obtained by dividing
a overall gap spacing of I cm. For a midpla e which the required flow distance of gas by the period
is balanced at Vo/2 , or 30 kV, this is 0.5 cm of between the successive pulseline chargngs. To move
insulation gas between the trigger and each of the the gas from the discharge location at the electrode
main electrodes. To support 60 kV, this gap has the midpoint to a field free region requires about 3-4 cm
operating field 60 kV/cm, and requires a pressure of of motion. This must be done every 0.5 ms in a system
at least three absolute atmospheres for a gas whose operating at 1250 Hz (0.8 ma interpulse period. 0.5 ms
dielectric strength equals that of air. between charges). Therefore, the flow speed is about

60 m/s, or Mach 0.2.
Triggering

Flow Direction
The trigger electrode is shown at mid-potential

in this design. Offsetting the midplane at other than The switch gas enters the insulating tubes, goes
mid-potential may be desirable for optimum perform- through the switch electrodes, moves across the
ance. The trigger applied to the midplane would have electrodes, and exits at the central outlet port at
the risetime of about 15 kV/ns. In 4 to 5 as, the the top center of the switch. In this way, fresh gas
midplane voltage attains over 60 KV. This voltage enters the switch through the tubes where they bridge
adds to the midplane potential so that a midplane the high-voltage insulation.
charged to + 30 kV would acquire either - 30 kV or
+90 kV, depending on the trigger polarity. Flow Power

In the mechanical design, the trigger extends to The flow power must be supplied by a compressor
each end of the 0.75 a switch and is supported at its or blower installed in the flow circuit between the
ends. Also, it receives its trigger pulse at the inlet and the outlet ports. To estimate compressor
ends, very much as Maxwell now triggers its standard power, consider a switch operating at 3 abs. atm. of a
rail switches. The mechanical design of the attach- diatomic gas (k - C /Cv - 1 4) flowing at 60 m/s. The
ment is straightforward because the ends of the switch flow area obtained from the cross-section of 75 cm x
have adequate space for mechanical support and elec- I cm is 75 x 10-4 m

2
. Compressor power is approxi-

trical insulation. For clarity, the ends of the mately proportional to pressure drop across the
trigger electrode are not shown in the drawing, switch. A drop of 5-10 psig is anticipated corres-

ponding to the ideal power requirement of 20 to 38 hp.
Inductance A practical compressor is about 65% afficient. There-

fore, actual compressor power falls in the range of 31
Switch inductance was estimated by separately to 58 hp (23 to 43 kW). The anticipated rating is

considering the electrode hardware and the plasma 30 hp corresponding to 22 kW. This is 14Z of the
ribbon-shaped discharge. The total electrode induct- 1bO kW average power delivered to the load.
ance, for the paralleled top and bottom sections shown
in Figure 7, was 4 nH. To this the plasma inductance X-RAY PREIONIZER ELECTRICAL DESIGN
was estimated at I nH, for the total of 5 nH. This
value is acceptably low for the required output rise- Pulse Power Requirements
times. Ignoring switch resistance, the output e-fold
risetime of a 5 nH switch into the total impedance of To specify the pulse power required for the ther-
I ohm (0.5 ohm for the pulseline, in series with 0.5 mionic X-ray diode, consider the rate of electron pro-
ohm for the laser load) is 5 as. duction within the interelectrode spacing. We expect

the primary loss of electrons in electronegative gases
Predonizers to be caused by electron attachment. Therefore, the

rate equation governing the electron density ne isThe preionizer consists of a thermionic cathode

which emits electrons into a tantalum X-ray brans- dne/dt - S - ne/ta,
strahlung source. The tantalum target electrode con-
tains a water channel for cooling, where ta is the attachment time for the electronega-

tive component in the gas. In the case of air, this
There are attractive alternative X-ray sources. attachment would occur to the oxygen molecules. The

For example, the thermionic electron source can emit attachment time is given by
electrons into a double window consisting of a tan-
talum and an aluminum (or titanium) foil that forms a ta= [kanal- ,
cooling channel. The forward bremastrahlung is suffi-
ciently intense to provide the required preionization. where t. is the (electron energy dependent) attachment

This design is more compact, and requires less power, coefficient, and na is the number density of attach-
although more complex. ing molecules (e.g. oxygen). For air at atmospheric
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pressure na - 5 x 1018 cm-
3 

and ke , the attachment Magnetic Modulator
coefficient, is about

The pulse power requirements for the X-ray pro-
ka = 10-11 cm

3
/s ionizer electron source are as follows:

Therefore, the attachment time is 20 as. Although V - 50 kV

this number was calculated for one abs. atm. of air,

the result is insensitive to pressure. I - 14 A/linear cm of source length

We now estimate the source strength which a is te - 40 nas
required to generate an equilibrium electron density
of 108 cm

- 3
. At equilibrium dne/dt - 0 and ne - Sta . f - 1250 Hz.

Hence, the electron production rate is

For a 0.75 m source, the total peak current required
S = ne/t a . (10

8
cm

3
)/20 neec - 5x10

15
(c

3 
s is i kA. The short pulse length, relatively high peak

power (70 MW) and high pulse rate places rather severe
burdens on the pulse power.

To obtain the X-ray generator power 
requirements,

consider the X-ray flux passing from a line source A magnetic modulator shown in Figure 8 is effi-
through a cylinder 10 cm in radius, where this radius cient and cost- effective. This is a type "A" pulse-
is the distance from the line source of X-rays to a forming network (PFN), whose energy is switched into
parallel line which is at the midpoint of the rail the e-beam load with a magnetic switching transformer.
switch. The rate of X-ray energy deposition per unit The PFN is resonantly charged via thyratron V1 and
mass in the gas is transformer T1 . Transformer T, is a 1:4 step-up

transformer which provides 100 kV charge voltage to
dD/dt - IVfam/2wrL , CN . The intermediate energy store C1 is dc resonantly

charged from a nominal 17 kV power supply for a multi-
where I and V are the current and voltage respec- ple laser system; it is expected that a single power

tively, applied to the line source of the X-ray gener- supply provides power for many X-ray preionizer pulse
ator, f is the X-ray production efficiency, L is the power systems.
spark gap length and am the mass absorption coeffi-
cient of X-rays in the gas. (For this estimate, we
neglect the attenuation of 20 keV photons through a
foil, such as several mils of titanium, which sepa- ...
rates the X-ray generator from the spark gap.) This
energy density, divided by the energy required to
create an ion-electron pair W, must equal the required

S - 5x10
15
cm-

3
s-

1

Figure 8. X-Ray preionizer pulse power
Therefore, magnetic modulator

S - dotVfam/2wrLW The type A PFN was selected as the best compro-

mise after consideration of pulse shape, series
where do is the density of the gas. The X-ray genera- inductance and overall circuit efficiency. To obtain

tor current per unit length is given by the necessary output pulse length, the effective pulse

I - 2wrWS width of the PFN has been chosen as 90 na to yield a
I .d2wfS~ 50 ns flat-top (portion above 50 kV). The 50 kV/1 kA

load presents a 50 ohm load; hence, it can be shown
that for a matched system, the network elements will

For example, consider a 50 kY X-ray source with an
efficiency of 0.5 percent and a linear absorption
coefficient of 5 x 10

-4 cm- 1 , CN  - 0.387 te/ZN a 0.7 aF

I/L - 14 A/ca C2 - 0.256 te/ZN - 0.5 nF

For a 75 cm line source, this corresponds to 1000 A. L2 - 0.0606 te ZN - 270 nl
We assume a pulse width of 40 as. Consider a 50 kV
X-ray source operating at 1.2 kiz. The average power Ll - 0.190 to ZN - 860 nff
(exclusive of therm losses) is nominally The energy stored in CN is transferred to the

P - IVt(prf) - 2.4 kW load by the magnetic switching transformer T1 whose
saturated (secondary winding) inductance is small com-

This represents a relatively small power loss (2%) pared to the required series inductance of LN .

compared to the 160 kW overall power of the module.
Modest switching losses in the transformer are

Other designs which include a thermionic diode present. The eddy currents losses, when added to

are more efficient. The design which includes direct those from the core and leakage current, yield an

emission of the thermionic electrons into a tantalum estimated total switching loss of 2 J per pulse or

foil separating the diode from the switch would reduce 2.5 kW. The energy which must be transferred from C1
by the factor three the distance of the X-ray source to CL is the 2 J plus 50 kV x 1000 A z 90 no " 5J,

from the switch. This would result in a nominal for the total of 7 J.

reduction of a factor of 9 in X-ray source power.

However, the foil would require cooling, and this Standard thyratrons are suitable for this cir-

introduces some additional complexity in the design. cuit. Thyratron losses are estimated at I J per
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pulse. This, added to the losses above, results in Mechanical Design
the loss energy of 3 J per pulse. The total power for
a modulator operating at 1250 Hz is therefore 13 kW. We have concluded the mechanical design require-

ments to attain long life, low inductance, and easy
U.V. Preionization of Electrical Discharges maintenance can be met. The design is based on the

relatively high gas breakdown strength of about
An alternative preionizer source is UV light. 80-90 kV/cm at 3 abs. atm. and the design stress of

This can come from many sources, both external to the 60 kV/cm. Thesa values correspond approximately to
discharge or internal in the form of sparking arrays those of air.
or corona discharges

l4
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Abstract of 40 Hz and > 500 kW average power with dielectric

strength recovery 12.8 ms.
A vortex flow spark gap was tested at repetition

rates up to 40 pps with voltages up to 130 kV and aver- Test Facility and Circuit
age power transfer of 0.51 MW. An underdamped dis-
charge circuit was used with a period of 19 isec to The test-bed was integrated with a modulator and
demonstrate switch recovery with a charge transfer of trigger-generator that existed at AERL to form the
over one coulomb per pulse. No command charge system complete test facility. A six-ampere power supply and
was required with the L-C chargin,'. circuit. The switch a 100-ampere power supply are available, and the six-
recovered with ring-up times of 16.9 msec and 12.8 msec. ampere supply was employed since the rep-rate was not
No hold-cf degradation was observed over burst times expected to exceed 25 Hz. The test circuit is shown
consisting of 1000 shots. schematically in Figure 1. The 2 k: large copper aul-

The switch was typically operated at 56 psig with fate resistor, located betweent the D.C. power supply
- 60 scfm of air flow, but reliable operation was found and a 6.4 uF filter capacitor, served as a short-circuit
with a gai flow of as low as 15 scfm. The switch current limiting resistor. The filter and choke combi-
demonstration was limited to a repetition rate dictated nation yields peak ring-up currents of 20-30 A. An air
by the power supply capability. The maximum duration driven vacuum switch assembly served as the means to

of the burst was governed by heating of the load resis- obtain the first full test bed capacitor charge by

tor. sequentially turning on the primary power followed by

the switch closure. The next components in line are

Introduction the 18 henry air inductor followed by the high power

blocking diode. Not shown on the diagram is a voltage
Spark-gap switches are used in many pulsed power probe and an air actuated shorting switch. The short-

systems where the operating requirements exceed the ing switch allowed the discharge of both the filter and
Hydrogen Thyratron limits in voltage, current, or rise- test bed capacitor as part of the automatic shut down
time. A particular case of this is in high energy Marx procedure. A coaxial high voltage cable transmitted

generators employed in large pulsed power systems. the power to the electrostatically shielded pulsed power
These generators have been in use for many years as room wnich contained both the test bed and trigger gen-
single-shot systems, but, to date, none has been uilt erator. The available trigger generator, rated for 30
that could be repetitively pulsed. The program described pps with an output of 30 kV, was modified during the
here undertook to develop and test a spa-k-gap that test period to extend its performance range to 40 pps.
would be a satisfactory switch for such a system. The frigger signal was stepped up with a 6:1 (turns

Using a typical Marx-generator from an existin' ratio) transformer which was integrated into the test
pulser as a model, we constructed a test-bed that would bed. The trigger signal polarity was selected to be
duplicate the duty conditions required of the switch, negative to facilitate break down of the positively
This test-bed is a single-stage Marx that stores 0.25 charged switch. In series with the trigger was a
coulombs at 125 kV and discharges into an underdamped Trigger Isolation Gap (TIG).
L-C-R circuit such that the total charge-transier The original test bed circuit was selected to
through the switch is 0.75 coulomb pet shot. This and store 15 kJ at 125 kV. The combination of the load
the peak current (> 10. kA) represent quite well the resistor and inductor were selected to yield a peak
performance requiriments in the model Marx. discharge current of - 150 kA and a total switch charge

The baseline switch design was patterned after a transfer of - 0.75 coulombs. Unfortunately, the original
lower voltage switch that had been developed at PI and capacitors eid not survive the initial check out period.

successfully employed in applications up to - 50 kW This forced us to utilize two available capacitor stacks
average power at frequencies to > 1800 Hz. with a net capacitance of 2.1 i F. This reconfiguration

The goal for this new switch was to increase the increased the circuit inductance such that the discharge
power handling ability to - 375 kW with higher voltage period was longer, reducing the peak current, however,
stand-o but at the more modest rep-rate of 25 Hz. the total charge transfer was increased tc = i coulomb,

Additionally, it was hoped that we could identify the A small change to the load resistor was also made.
problem areas that would need to be addressed to extend These circuit modifications increased the "on" time of
performance to 1,500 kW at 100 Hz for the same voltage the switch rendering switch recovery even more difficult.
and coulomb requirements. The experiments were to be The ring up period is given by;

done in two parts; 1 - with autocharging, to ectermine
when it would be necessary to implement command-charging, T 16.9 me

for switch recovery, and 2 - with command-charge, to
extend the rep-rate to the goal. where

In fact, switch recovery was good enough that the
limit of the modulator's ability to recharge the test- CC

bed was reached while still operating in the autocharg- Ceff -

ing mode and the commnd-charge feature was never imple- eff CbgCF
mented. This represented in achieved switch performance

and
*The work reported was performed under DAAK4O-79-C-0197
with Defense Advanced Resear:h Project Agency.
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LS . 18 henries is the charging inductor of an input orifice and output orifice, the pressure

between the inner and outer envelope as well as the

Cb = 2.15 uF is the test bed capacitor, and switch pressure. All these transducers were connected
by a three foot long 1/4 Tygon line to obtain electro-

CF - 6.4 wF is the filter capacitor. static insulation. No attempts were made at this time
to get msec type pressure resolution.

The use of a finite value filter capacitor has the Two dual channel oscilloscopes, two dual channel

effect of reducing the ring up period and reducing the high-speed digitizers with 200 MHz throughput and two
voltage ring up ratio. This requires a power supply strip chart recorders were used to record a number of
voltage setting of = 80 kV, significantly higher than important functions. A 24-channel strip chart recorder
50% of the test bed voltage; however, well within the recorded the output of strain gauges and timing signals.
capabilities of the available facility. This recorder was typicall> used with a paper speed of

Air was the only dielectric gas tested. A crm- 10 inches/sec (maximum 80). A 12-channel optical
pressor with a dryer in series charged up a large gas recorder was v,;ed for signals requiring kilohertz type
storage bank to 2000 psig. A dome regulator allowed response and could be operated at the maximum paper
the presetting of the output press. Two lines with two speed of 160 in/sec and did allow the direct recording
separate remote controlled and sequenced valves con- of the switch test bed charging cycle. In combination
trolled and supplied the flow. The gas was typically with passive pulse stretching circuits a recording of
turned on - 10 seconds prior to the power supply turn trigger and discharge signals was obtained. This type
on. The dome regulator pressure setting in conjunction of diagnostics did noL only yield timing information of
with the sonic input orifices determined the switch submillisecond resolution, but also gave some quantita-
mass flow for each side of the switch separately. A tive information of average signal level and duration.
strain gauge pressure transducer was installed upstream
of both orifices. With this arrangement the gas flow Gas Flow System
injection into each half of the switch could be selected
separately. Once the mass flow was selected the switch For this experiment we used an available gas flow
pressure was determined by the area of a second set of system with a maximum mass flow capability of 2 lbs/sec
sonic orifices, located at the end of the exhaust gas of air. This mixing and gas flow system can be used
lines. From a practical point we selected the area with practically any kind of noncorrosive gas mixture;
ratio of the two sonic orifice sets. This yielded a however, only air was used for these experiments.
given flush factor a-X the dome regulator settings The air supply system consists of a 10 cfm air
controlled the switch pressure. A pressure transducer compressor and air dryer. Dry air is stored in
monitored the steady state switch pressure, while cylinders at 2000 psig and provided the storage for
another sampled the plenum pressure. A small amount of extended run durations. The output can be regulated
nitrogen flow was used for the TIG. between 0-250 psig. Two one inch lines served as

A picture showing the test bed prior to installa- supply lines from the dome regulator output to the test
tion is seen in Figure 2, while Figure 3 shows the bed.
switch with the inner envelope removed.

Experimental Result
Instrumentation and Control

We started the experimental effort by determining
The experiment was automatically sequenced. The the spark gap self breakdown curve over the voltage

number of pulses and repetition rate were preprogrammed range from 48 to 100 kV. For this purpose we use the
to an electronic generator, and additional timers were complete test bed, pressurized the TIG such that it
used to sequence the remaining events such as the turn would not self-trigger, selected a static spark gap
on of the power supply, gas flow, recorders, vacuum pressure and slowly charged the capacitors. This
switch actuation, data acquisition, and the electronic procedure yielded the following straight line fit with
pulse generator. These timers also controlled the 95% of all data points following within + 3%;
shutdown, initiated either by the completion of the kV
preselected burst count or through the detection of a V k V kV + 267 - P (l

fault. Other set points, such as a minimum and maximum S' P

dome regulator pressure, maximum power supply voltage where P is the switch pressure in psip It further was
and current, minimum trigger generator voltage, etc. shown that by recharging the capacitors within = I
had to be preselected and served as trip pointF to minute without flushing the gap breakdown did generally
protect the facility and test bed during the critical occur at 10-20% low voltage. This indicated that flush-
time of the automatic sequence. ing of the hot gas and removing of other by-product is

As instrumentation, we used a voltage divider to desirable.

yield the capacitor charge voltage. This divider was The operating switch pressure was selected empiri-
located downstream of the blocking diode. The charging cally to yield good switch performance. We found that
current was monitored by two separate current trans- a pressure of 56 + 4 psig gave a high reliability of
former. They were located on the high voltage side and repetitively pulsed operation with minimal gas flow
return of the charging system In addition the inte- requirement. Runs up to 68 psig were undertaken with
gration of the charge current served as an independent no noticeable changes. By using 56 psig in Equation i
check of the switch voltage. Charge current was we conclude that for most of the 130 kV runs, the

recorded simultaneously on the optical strip chart switch operated at 66X of static breakdown. This is
recorder, on an oscilloscope, and on a channel of a close to the theoretical optimum of a mid-plane gap.
Digitizer. We used two monitors for the discharge As one side of the gap breaks down the second half is
currents, a current transformer as well as a Rogowski overvoltaged by 1.32. Operating closer to the self-
loop. Both signals were recorded on an oscilloscope breakdown voltage will increase the prefire probability,
and Digitizer. Two additional current transformers while operating at a higher pressure may cause diffi-
were used to monitor the primary as well as secondary culties in breakding down the second half of the switch
currents of the trigger transformer. With an additional or cause significant jitter.
voltage monitor on the secondary side of the transformer For the majority of runs an output orifice of
the trigger system and the TIC breakdown was monitored. 0.201" diameter was used. This orifice was calibrated

We utilized four channels of strain gauge pressure and yielded a discharge coefficient of 0.75. This
transducers. We typically recorded the pressure upstream yields a mass flow of 3.9x10

"2 
lb/sec (17 gr/sec) of
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air per switch side. mass of each electrode was less than 0.5 gram. Both
A convention adopted for the evaluation of a gap of th~se figures are consistent with an erosion rate of

recovery is the number of times the volume between the < 10
-  

gr/coul; however, the accuracy of the measure-
electrodes has to be flushed in a time period given by ients are about the same magnitude as the change. From
previous shot and the time full voltage is reapplied to the electrode discoloration it appears that most arcs
the gap. Using the volume defined by the i lectric field struck predominantly around the inner and outer edges.
of E 5 0.8 Emax a volume per side of = 30 r13 is This implies that more rounding is needed to relieve
obtained. It follows that the volume exchinge with the the enhancement and insure more uniform erosion.
0.201: orifice was 1.6 times during the 16.7 msec
recharging time. Of interest is to note that experi- Summary
mentally the pretrigger rate appeared to be less at 40
pps than at lower repetition rate. This is not unex- Initial Marx switch tests were performed on a
pected since with a fixed recharge time the switch did particular switch with a power transfer of = 0.5 mega-
not have to hold off full voltage as long at the higher watt, voltage of 130 kV, repetition rate of 40 pp.,
repetition rate. It remains to be shown if this trend ring up period of 16.7 msec and charge transfer of
would continue to the maximum (60 pps for this charging approximately one coulomb per shot. These tests
inductor) repetition rate, or if other effects would demonstrated successful spark gap switch performance up
start to dominate. to the various limits of the selected facility. These

We proceeded to set up a run condition by typi- tests were performed with a straight L-C charging
cally dialing in eight shots. This number was conve- without the use of a command charge system. With the
nient since our digitizer had a maximum storage of eight use of air the switch recovered fully during the 16.9
shots. Once the diagnostic and switch performance was msec charging time with a minimum flush factor of =
satisfactory we increased the burst durations to several 0.5. Half power test with ring up time of 12 msec
seconds, typically without degradation of performance. indicate that the repetition rate of this type of
At 20 pps we made several 500 pulse bursts and one switch may be at least extended to the 80-100 pps
1.000 shot burst with full charge and a voltage of 130 repetition rate range. An upper limit of l.OxIO

-4

kv. One 500 shot burst had no pretrigger pulse. The gr/coulombs electrode erosion was observed. Full
1,000 pulse burst had 12 pretriggered pulses randomly energy runs with 1000 shots suggest that with some
distributed throughout the run. All breakdowns switch modifications this type of switch may be used
occurred at or nearly at full charge and full recovery reliably for long duration applications.
took place for the next recharging. The heaiing of the
load resistor did limit us to 1,000 full charge shots. Acknowledgment
From the available diagnostics it was not clear what
caused the pretrigger problem, however, some data The authors would like to acknowledge the
indicated that most likely the TIG was the culprit since formidable laboratory assistance of S.M. Freshman,
the pretrigger statistics could be altered by the TIG Dave Drury, C.J. Thieme, and H. Kishi whose effort and
gas flow rate and pressure. expertise were substantially responsible for the success

As we increased the repetition rate beyond the 25 of these tests.
pps, the run duration was limited to a few seconds bv
the power supply. We obtained one second, full charge
(130 kV), bursts at 40 pps without pretriggers, with no
change in the waveform or indications of switch or test r--

bed problems. To increase the 40 pps data base we .2: Ism

selected to reduce the test bed capacitor to 50% (1.1
uF) this not only allowed us to operate the power(S t...C-I
supply for longer durations but also tested the switch 0-23 kv I I scot
with a 12 msec recovery time. With this set up we made 6 AP "1 )

several one second bursts and one 1400 snot burst with- T
out major problems. - .

Finally we reduced the output orifices, reducing CHINGIB
the flush factor from the original value 1.6 to 1.24,

0.91, 0.65, 0.51, and 0.31 respectively. With the
0.51 flush the incidence of pretriggers began to be -
noticeable, while with a flush of 0.31 57 of the shots Oss
pretriggered. The number of shots taken at these con-
ditions was not sufficient to derive self-fire statis- I
tics; however, from this flow reduction test it can be .-

concluded that this type of switch can be operated with 0.19::
a reasonable realiability with a flush factor of 0.5 to I
1.0 for full recovery without flow modification...
Further reduction may be possible with flow improvement. OISCARat I

Figure 4 b.c show the discharge current super- CUM£NT

positions for a burst of 40 pulses and repetition rate 3-kV
of 40 pps at a charge voltage of = 130 kV. The super- TRIGGER
position of the recharging current is shown in Figure
4 a. Figure 5 shows the first eight traces of a 500 LL'STLO.....-- --

pulse burst at 20 pps, as recorded by the two digitizers.
The top trace is the trigger signal, while the lower
trace giv- the discharge current. A typical optical Figure I Simplified electrical schematics of the
recorder , ice is given in Figure 6. initial 4arx switch test facility. The

During the test series we accumulated a total of two 3.8 UF capacitors were replaced dur-
5419 shots on the spark gap and transferred a total of ing the tests by a 2.1 uF capacitor

5056 coulombs. The erosion of the electrode material stack.
turned out to be less than anticipated, and consequently.
was not accurately determined. The measured change in
gap was less than 0.001-0.002 inches and the change in
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CHARGING
aCURRENT

DISCHARGE

b) CURRENT
(PEARSON)

Ii~ c)DISCHARGE

Figure 2 Test bed removed from oil tank. The d) TRIGGER CURRENT
load resistor is hidden behind the
capacitor and spark gap assembly.

Figure 4 Oscilloscope traces for a typical
40 pps. 130 kV, 18.2 IJ, 1.6 flush.
and 40 pulse burst.

TRIGGER PULSE

CURRENT THROUGH
SWITCH

Figure 5 Trigger signal and switch current of
the first eight pulses as recorded

by one digitizer. The recording is

of a 20 pps, 130 kV, 18.2 kd. and
500 pulse burst.

*1J.J.J [11.LJ..LL --°-CS

LaW UWIMCJR VL"
Figure 3 Photograph of spark gap with the inner - I Menvelope remove. mo

.............J...J....., I i I k - - 1 L t - -reiwu

Figure 6 Beginning and end of a 20 pps,
130 U, 18.7 kJ, and 500 pulse burst

optical recorder trace. The trigger
timing is synchronized to the zero
crossing of the pricary power shown
on the top trace. The recording
starts with closure of the vacuu

switch. The first triggered pulse
occurred about 160 usc later.
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UV-L.ASFR TRIGGERING OF MULTI-MEAVOLT CAS SWITCHES *

R. G. Adams, J. R. Woodworth, C. A. Frost

Sandia National Laboratories
Albuquerque, New Mexico 87185

Summarv given by Guenther and Bettis.
2 

These visible/IR exper-

iments typically focus the laser beam to produce a

We have been exploring the use of high-beam- point plasma on one switch electrode, thereby trig-
quality UV lasers to trigger megavolt gas switches gering the switch. Generally, this technique attains

essential in manv large pulsed-power systems. Using excellent results for moderate voltage switches having
less than 0.1 joule from a KrF oscillator-amplifier short gap spacings (.! 1 cm); however, for large gaps

laser system (unstable resonator with - 100 microradian (- 10 cm) operating at voltages above one megavolt, the
divergence) to trigger a 2.8 MV gas switch insulated triggering behavior is somewhat degraded. Subnano-
with SF6, we have achieved triggering with a l-z jitter second jitter typically is obtained only at voltages

of 0.5 nsec foi voltages varying from 70% to 90% of the well above 90% of self-breakdown voltage (SBV) or wich
self-breakdown voltage of the switch. The triggering extremely high laser power, and also most results are

delay between the laser pulse and the switch closure is obtained only in gas mixtures consisting mainly of
relatively insensitive to switch voltage variations, argon at very high pressures.

2

changing by as little as 1.5 usec for a 10% change in Accordingly, we have directed our efforts towards
voltage. Parametric studies of laser triggering with a different mechanism to trigger the switch. Instead
lenses of different focal lengths and at various input of generating a point plasma at one electrode, we

laser energies have been discussed, utilize a volume interaction between the UV-laser
radiation and the insulating gas in the switch to pro-
duce an ionized channel between the switch electrodes.

Abstract Bradley and Davies3 investigated such volume inter-
actions of UV laser radiation with dielectric gases in

We are investigating the use of UV lasers to a switch in 1971, but since the only UV lasers avail-
trigger multi-megavolt gas switches found in many large able then had pooc beam quality and low output energies,
pulsed-power systems. Using 77 mi from a low-diver- the technique wts not pursued further. Recently,

gence (100-urad) KrF iaser system to trigger a 2.8-MV Rapoport et al. determined that SF6 gas breaks down
switch, we have demonstrated a 1-a jitter of 0.5 ns for in a KrF laser field (248 nm) at an order of magnitude
a series of applied voltages ranging from 65% to 90% of lower intensity than does room air and utilized this
the self-break voltage. (Jitter is defined as devia- technique to trigger an 80 kV spark gap insulated with
tion of the data points from a best fit line through SF . This result is significant because most high
the data.) In this sequence of measurements, the voltage switches use pure SF6 (a common, high-dielec-

triggering delay was relatively insensitive to voltage tric-strength gas) to minimize electrode spacing and
variations, changing by only - 2 ns for a 10% change in required gas pressure. Previously, we used a KrF

voltage. The low-divergence KrF beam is focused laser for UV ltser triggering of both a 0.5 gV pulse-
through a hole in one switch electrode, forming a charged switch and a multi-megavolt switch. This
breakdown arc in the high-pressure SF6 between the paper reports a further extension of that work to the
electrodes. Breakdown arcs have been demonstrated full scale testing of a 2.8 MV SBV gas switch similar
which stretch all the way across the li-cm electrode to those in use on PBFA-I.
gap in the 2.8-MV switch. The sudden appearance of
this conductive breakdown arc triggers the switch.
Techniques, applications and resulLs will be discussed. Apparatus

rhe gas switch used in these experiments had 10 cm
Introduction diameter hemispherical stainless steel electrodes which

were spaced 11 cm apart. The laser beam entered the
Today various areas of pulsed-power research switch through a 6 m diameter hole in the (grounded)

demand low jitter triggering of high voltage, high anode and was focused to a point approximately centered
current gas switches. This requirement is especially between the electrodes. The laser energy that passed
vital for Inertial Confinement Fusion (ICF) work being through the arc struck the cathode and formed a point
conducted with the Particle Beam Fusion Accelerators plasma on the cathode surface, which may have assisted

(PBFA) at Sandia National Laboratories. For example, the triggering process. The switch was insulated with
PBFA-t is a light-ion-beam fusion driver constructed 3100 torr of SF . The voltage source for the switch
to deliver in 40 nsec a particle beam having a total was a 35-stage Aarx generator used in the circuit shown
energy of 106 joules to an ICF target. 1 Timing of this in Figure 1. This circuit provided a pulse with a
particle beam is controlled by up to thirty-six gas (1 - cos wt) waveform risins to about a 3 MV peak

switches, each of which must hold off a pulsed voltage voltage in 650 nsec. The switch was triggered on the
of about 2.8 magavolts. then be triggered with temporal rising portion of this waveform. The switch voltage
jitter og a few nanoseconds and conduct a current of wa monitored by integrating the signal from a current
about 10 amperes repeatedly without damage. Other viewing resistor (CVR) located in series with the peak-

triggering applications involve 6 MV switching for ing capacitor. Switch closure was monitored with a
PBFA-lI (now under construction). B probe located adjacent to the switch. This probe

Extensive experimental research and some theore- provided a signal proportional to the derivative of the
tical treatment involving laser-triggering of gas current through the switch.

switches using visible and infrared lasers has already The laser used in these experiments was a KrF
been performed; an excellent review of this work is oscillator-amplifier system that provided a 6 m x 20

m rectangular beam with an output energy of 0,13 J per
* This work performed at Sandia National Laboratories pulse and a 20 nsec pulselength (VVIIM). The laser

supported by the U.S. Department of Energy under divergence half angle, measured by scanning a pinhole

contract number DE-ACO4-76DPOO789. across the focused beam, was 100 microradiana. This
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Figure 1. Schematic of the basic components for the PULS

2.8-MP switch experiments.

Figure 2. Oscilliscope traces showing time dependence

system, which haa been previously described, consisted of the laser pulse (lower trace) and time

of a KrF oscillator in a stable cavity configuration derivative of switch current (upper trace).

with the output spatially filtered to obtain a low- Approximate times at which the time-to-

divergence beam. This low-divergence beam was in- digital converters turned "on" and "off"

jected into the amplifier which employed a positive- and the subsequent value of "delay" are

branch confocal unstable resonator with a magnifica- shown for this shot. After switch closure,

tion of ten. Optically, our oscillator-amplifier the trace showing the laser pulse becomes

setup was similar to that described by Goldhar et al.
7  dominated by electrical noise. Time scale

except that" we had no provision for spectral line is 10 ns per division.

narrowing. It was necessary to reduce the timing
jitter between the oscillator and amplifier to less
than + 2 nsec in order to obtain a repeatable low-
divergence output from the amplifier.

Three dielectric-coated UP mirrors were used to
steer the laser beam to the top of the oil-filled Ii Cm GAP LENGT
tank containing the switch and Marx generator. The 16 TON SF6
time history of the laser pulse was monitored with an I20 mJ Of LASER 00Y

Mr F4018 UP photodiode (response time -c 1 nsec). I&1-a JTEnos 111P
Laser energy was measured with a 2.5 ca diameter a
Scientech calorimeter, which was positioned imediate-
ly before the lens that focused the laser beam into
the witch. A final diagnostic to check beam quality
was a glass cylinder having a UV entrance window and 10
filled with 1600 Torr of SF . The laser beam could be
diverted and focused into Ais cylinder to form a tae
visible breakdown arc in the SF6. Pictures were taken
of successive arcs in this cylinder to determine shot-
to-shot repeatability of the arc; typically, the
lengths of breakdown arcs were repeatable to + 102.
For som experiments, the laser beam was uniformly
attenuated by partially transmitting dielectric-
coated mirrors.

To determine switch closure relative to the
arrival of the laser pulse in the switch, the signals
from the UP photodiode and the B monitor were aoni-
tored on a dual-beam oscilliscope (Tektronix 7844) M 10 in IN

and a CMAC-micro-cos pter. The computer system PEW OF ZI MV SW1 SKAK VOTAA
employed level crossing discrimination using LaCroy
model 2228A time-to-digital converters (TDC) to7 sure the interval between the time the photodiode Figure 3. Graph of time delay to switch closure ver-

signal and the i signal crossed predetermined thresh- sus voltage for a 2.8 MV IrF laser-trig-

old voltages (see Figure 2). The switch voltage was gered switch. Laser energy was focused by

digitized with a LeCroy model 2259A peak amusing a 100 ca focal-lngth lens to produce an arc

analog-to-digital converter and recorded. The micro- centered in the 11 cm gap. The 1-0 jitter,

computer provided no pulse shape intformation but do- defined as deviation from a least-squares
fined the delay interval to an accuracy of + 100 paet. fit to the straight line through the data,

The oscilliscope trace provided overall pulse shape is 500 Pet.
information and a cross check of the delay interval
to an accuracy of - 1 neec. Since the absolute value
of the delay interval was a parameter of interest in Results
these experim nts cable lengths and optical paths for
the UV photodiode and switch current signals were The results of two different experiets are
determined to an accuracy corresponding to + 1 naec. reported in this section. In order to determine

optimal focus, lasev-triggering perforamnce was
examined with 120 aJ of laser energy focused into the

switch through different lenses with focal lengths
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Table 1. - KrF Laser Triggering Results for 120 m3 Input Laser Energy

Focal Length Laser Arc 1-0 Jitter &T Delay T Delay at
of Lana (cm) Length (no) 80-90% of 80% of SBV

( Lm) SBV (ns) (A)

200 11 0.77 1.4 10

100 6 0.50 2.8 11

50 3 0.76 2.8 13

20 1 3.2 13 31

ranging from 20 cm to 200 cm. The lens was placed as I) shove a clear trend with delay increasing as the
shown in Figure 1 and located so that the breakdown breakdown arc becomes shorter. It should be noted that

arc in the SF6 was roughly centered in the 11 cm elec- there is still some arbitrariness in the absolute value

trode gap. Piano-convex Suprasil-quartz lenses were given for T Delay. The laser pulse itself had a rise-

used with the flat side toward the focus to minimize time of approximately 5 ns. The risetia of the cur-
third-order image aberrations. Figure 2 shows a rent in the witch was greater than 8 as. Therefore,

typical oscilliscope trace of the laser pulse from the the voltage level selected as the "beginning" of the
UV photodiode and the derivative of the switch current laser and switch current pulses had a strong effect on

as seen by the B monitor. The laser pulse shape and the value of "delay" that was observed; this result is

the I signal rise time were both repeatable to better inherent in the use of level crossing discriminators.

than 10%, although the I leading pulse amplitude did For the data presented in Table I, the "delay" clock

scale with switch voltage. Figure 3 shows typical started about 2 ns after the beginning of the laser

triggering delays plotted versus percent of the 2.8 pulse and stopped about 4 ns into the switch current

MV self-breakdown voltage of the switch taken with a pulse. For the data presented next, slightly different

200 cm focal-length lens. A straight line fit to the voltage levels were chosen, resulting in differing

data is also shown. Jitter, defined as deviation of absolute values of delay.
the data from the straight line has a one standard Switching performance was also examined as a func-

deviation (1-0) value of 500 psec for the data shown. tion of laser pulse energy using a 50 cm focal-length

The switching delay is relatively insensitive to lens. Figure 4 shows the time delay as a function of

voltage, with delay changing by only 2.8 ns between percent of self-breakdown voltage for five different

80 and 90% of the self-breakdown voltage (AT Delay in input laser energies. Also shown in Figure 4 for each

Table 1). A sumary of the data obtained with the laser energy is a least-squares-fit to a straight line,

different lenses is shown in Table I. For lenses with which reveals that the delay can be well represented
focal lengths of 50 cm or longer, subnanosecond Jitter between - 65-90% of self-break voltage by a linear

was obtained in the 2.8-MV switch. function. Further details of this linear time delay

Table I also lists the visible arc length ob- behavior are listed in Table II. It is apparent that
served in the SF6-filled glass cylinder for each lens. delay decreases with increasing laser energies. Per-

It is interesting to note that with the 50 cm focal- haps more important for practical switches is that the
length lens, subnanosecond Jitter was obtained even slope of the delay versus percent of SBV line decreases
though the visible arc extended only about one-third with increasing laser energy. From Table I for the

of the distance between the two electrodes. The value highest tested laser energy of 127 .3, the delay varies
of the switching delay at 80% of SBV (T Delay in Table by only - 1.5 usec for a variation of switch charge

Table II. - Behavior of 11 cm Gap PBFA I Switch Triggered with a Low Divergence

KrF Laser Focused with a 50 cm Focal Length Lens

switch input Laser Arc T Delay at AT Delay 1-a Jitter

Laser Energy Length 80% of SBV 80-90% of (ns)

W) A)(a)SUV (us) _____

127 3.1 17 1.5 0.66

110 2.5 * 2.4 0.53

77 1.7 19 2.5 0.51

60 1.6 * 2.6 0.35

40 1.3 21 3.3 0.71

30 1.1 26 5.7 1.56

27 1.0 28 7.0 1.32

• Different triggering levels were used on these two scans, producing displaced

delay values.
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voltage of about 280 kV (102 of the SBV). Further,
the i-c jitter of the fitted line generally increases r
with decreasing laser energy. It is noteworthy that IV m OF LASER DEY
subnanosecond switching jitter is obtained for laser I 100 9605
energies as low as 40 J. Finally, inspection of 1o Icm ELCO0E GAP
Figure 4 also reveals that the extent of the linear I0 - 0 ocusIN LEs
dependence region increases with increasing laser
energy. Therefore, for laser energies above 40 mJ,
predictable switch performance can be obtained below 1)
80% of the self-break voltage where the prefire
probability is low.

60
a

LASER ENERGY a 127 mJ

oso
\ 0 £ I *

\ o\ w ,

a e \a\PERCENT OF 2.8 MV SWI ROAK VoVAGE
% %0

Figure 5. Graph of delay versus voltage for a 2.8 MV,
E & KrF laser-triggered switch with 127 J of

e . laser energy focused by a 50 cm focal-length
-. * - 0\ \ lens. The "low jitter" triggering region

C, % \\ extends below 60% of the self break voltage
0 o tt of the switch.

16 ..

40 77 80 40

PORCNT OF Z.8 MY SLU BREAK VOLTAGE 26

0
Figure 4. Graph of time delay to switch closure

versus voltage for a 2.8 MV KrF-laser- 24
triggered switch. Energies varying from
127 to 27 a] were focused by a 50 cm focal- a
length lens to produce an arc centered in 22

the 11 cm gap. Least-squares-fit lines to 0
the data are shown for each laser energy. 2D

0
Switching delay as a function of percent of SBV

over an extended range for a laser input energy of 127 it
W3 is illustrated in Figure 5. Here the linear region 0
extends from - 55 to 902 of SBV, and delays shorter
than 40 usec occur for charging voltages down to about
45% SBV. Even in the low 45-55% SBV region, jitter is
only a few nanoseconds. For voltages lees than 45%
SBV, the delay increases very rapidly. All of the A,
time delay data versus percentage of SV exhibit the I d is 100 in

am general shape, but the onset of the rapid in- K0 LASER CERGY IMP
crease in delay occurs at higher voltages as laser
energy is lowered.

The delay time at 802 of SBV as a function of Figure 6. Graph of switching delay at 802 of the self-laser energy is shown in Figure 6. For this switch, breakdown voltage of the switch versus laserlm energy thishold at - 40 is ehibitd, as delay energy focused by a 50 ca focal-length lens.

very rapidly increases for input laser energy less Delay increases sharply ater the delay

than this value. The time delay to switch closure at become longer than the - 20 neat long laser

802 of SBV at this threshold energy level is about pulse.

22 ns, which very closely corresponds to the laser
pulse width. This sudden increase in delay times when Switch jitter and the slope of the linear-fit line
the delay becoms longer than the "effective laser of the switching delay as functions of laser energy are
pulse length" has been previously observed in visible 2 shown in Figure 7. The jitter increases rapidly for
and infrared laser triggered switching investigations, energies less than 40 W (i.e. switching delays longer
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2.6 x 109 W/cm
2 

in 3100 Torr of SF fo .,* 20 neac KrF

laser pulse. This intensity agre we:. 'nth earlier
breakdown thresholds measuremeets and dthin a factor

of 2 with other investigations which defined breakdown

differently.

12l 0.6
vt :Conclusions

L.0
We have demonstrated that U-laaer triggering can

0.4 produce subnanosecond jitter in a 2.8-MV, SF -insulated
gas switch with < 50 mJ of laser energy. Thts subnano-

6 second jitter has been obtained at voltages between 75%
and 90% of the self-breakdown voltage, where prefires

4 8 a are unlikely. The switching delay is short (10-25 ns)
- 0.2 and is relatively insensitive to voltage with delay

0 I changing by as little as 1.5 na between 80 and 90% of
2 the self-breakdown voltage of the switch. In one case,

o 4 low-jitter triggering (a few no jitter) has been demon-

0 strated at only 50% of the self breakdown voltage of

20 100 12D the switch. Thus, UV-laser-triggered switches appear
to exceed all of the triggering requirements for large

KrF LAW (LRGY IJ multiple-switch, pulsed-power generators such as PBFA-I.
The use of UV lasers provides dramatic improvement in

Figure 7. Graph of the 1-0 jitter and the slope of command-trigger performance and yields res~slts unob-

the linear-fit line of delay versus voltage tainable with other methods.

as a function of laser energy. Both jitter
and slope rise sharply for laser energies
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ELECTRODE EROSION IN HIGH POWER SPARK GAPS*

A.L. Donaldson, R. Ness, H.O. Hagler, and M. Kristiansen

Plasma and Switching Laboratory
Department of Electrical Engineering

P.O. Box 4439
Texas Tech University
Lubbock, Texas 79409

Sumary

The erosion rate for hemispherical electrodes I

2.5 cm in diameter made of graphite, copper-graphite, 
-m MW

copper-tungstEn, brass, and stainless 
steel has been

examined in a spark gap filled with air or nitrogen at
1 atmosphere. The electrodes were subjected to 50,000 wMIshY's

unipolar pulses (25 us, 4-25 kA, 5-30 kV, .1-.6 coul/

shot) at repetition rates ranging from 0.5 to 5 Hz. A

conditioning process, indicated by a shifting and

narrowing of the self-breakdown voltage distribution, lowsm
and several spectacular surface patterns (craters,

nipples and dendrites) up to .6 cm were observed.

Anode erosion rates varied from a slight gain for

several materials in nitrogen to 5ucm /coul for 
"00Ces

graphite in air. Cathode erosion rates of
.4 vcm

3
/coul for copper-tungsten in nitrogen to

25 ucm
3
/coul for graphite in air were also measured.

Introduction

High energy spark gaps capable of lasting for 108

shots are seen as one of the critical components in

pulsed power systems used for nuclear isotope separa-

tion, electromagnetic pulse simulation and thermo- * *

nuclear fusion reactor.. The performance of a pressur-

ized spark gap as a high energy rep-rated switching

device is characterized by the following parameters:
hold-off voltage, recovery time, delay time, and

jitter.
1 

The switch lifetime is determined by the MWXVMW

degradation of these parameters resulting from elec-

trode erosion, gas decomposition and disassociation Fig. I. Spark gap for erosion studies.

and insulator dmage occurring as energy is dissipated

in the switch.
2  Test Circuit and Conditions

The purpose of this study was to measure the Numerous experiments have measured erosion rates

erosion rate of different electrode materials as a for high current (10-800 kA) oscillatory discharges,

function of current in order to generate a data base and a few exist for high current (> 10 kW) unipolar

from which theoretical models describing the complex discharges in brass and copper.
3
-
9  

Because of the

erosion porcess could be developed and verified. In nature of many switching applications, a test circuit

addition, the self-breakdown voltage distributions capable of delivering a unipolar pulse was chosen

and the electrode and insulator surfaces were examined for this study. The circuit, shown in Fig. 2, con-

in an effort to further define the erosion character- sists of a six section type E pulse forming network

istics and to reduce the material parameter space (PFN) which is resistively charged to the self-

used in future studies, breakdown voltage of the spark gap by a 30 kV, I Amp

constant voltage power supply.1 When the gap breaks

down, the PFN is discharged into a matched .6 i

Experimental Apparatus high power load. The wave form of the discharge

current is shown in Fig. 3. The test conditions are

Spark Gap summarized belowi

The spark gap shown in Fig. 1 was designed to

facilitate frequent electrode and insulator replace- Voltage% < 30 kV
snt and to allow for accurate control over electrode Current: Z 25 kA

alignment and gap spacing. The electrodes are com- Total Capacitance: 21 uf

posed of three parts: the brass support (which also Charge/shot: < .6 coul

serves as a channel for air flow), the brass adapter Energy/shot: < 9 kJ

and the electrode tip. The hemispherically shaped Pulse width: ; 25 ps

electrode tip* are 2.5 ca in diameter and are made from Rep-rate: .5-5 Hz

the various materials studied. The Lucite inserts Gas: Air or N2

provide protection for the main gap housing and also Pressure: 1 Atm (absolute)

provide a surface which gives a permanent history of Flow rate: 1 Cap volume every 5 sec.

the discharge debris which is deposited on the walls. Gap spacing: $ .8 cm

This work was supported by the

Air Force Office of Scientific Research
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L, L, LI L4  L, L, Experimental Results

Erosion Characteristics

SPAt GA~P The change in mass of the spark gap electrodes
after 50,000 shots was measured with an analytical

TC C, CO balance with a precision of ± 5 mg. The individual
test conditions and resulting erosion rates are given
in Table II. Although many authors report erosionI.J... .LO I I L

0
'2O rates in ugm/coul, the actual factor determining 3

lifetime is the volume eroded, hence the units Ucm /
C-3.5#pFsh V..-3W coul. The results for brass are discussed later
L-i.25pH each I&",- 2kA because of the failure of the electrodes due to gross

material extraction.

PWN Uq",tcrad Table II. Electrode Erosion Rates
Fig. 2. Test circuit for erosion studies.

Electrode Gas 1 Q CE A

SS Air 10.3 .21 1.8 1.2
SS Air 10.6 .22 1.5 1.0

SS 1  
Air 18.0 .37 1.6 1.5

SS
2,3  

N2  7.8 .16 0.7 +0.0
CT Air 9.5 .20 1.2 0.4
CT Air 11.5 .24 1.2 0.3
CT Air 18.0 .37 1.2 0.5
CT3  N2  14.8 .31 0.4 0.4
CG Air 8.3 .17 8.5 0.4
CG Air 16.2 .34 8.6 +0.0
CG

3  
Air 11.4 .24 7.2 0.0

CG
3  

N 14.8 '.31 13.5 0.8
G Air 9.2 .19 24.1 3.5

G Air 10.6 .22 24.6 3.6
G Air 16.0 .33 23.5 5.0

!G 3  
N2  12.9 .27 15.7 0.0

V: Average Voltage, kV; 3Q: Charge/shot, coulombs;
~CE: Cathode erosion, pcm3/coul; AE: Anode erosion,

Fig. 3. Discharge current waveform, (time base is ucm
3
/coul; 1: 32,000 shots, 2: 22,000 shots, 3:1l s/div). Experiment performed at approximately 85% of maximm

power; + indicates a gain in mass was measured.

M aterials Teste-d Material: A ranking of the erosion rate for each
material from smallest to largest is:

The electrode materials tested were: brass (SAE Cathode: Copper-tungsten, stainless steel,
660), stainless steel (304), copper-tungsten c copper-graphite, graphite
graphite (ACF-1OQ), and copper-graphite (DFP-1C). Anode: Copper-graphite, copper-tungsten,
This combination allowed for: 1) a comparison with stainless steel, graphite
existing data given for brass and stainless steel,

13  
As expected, the copper-tungsten composite gave the

2) utilization of materials thought to give good spark lowest erosion rate. Somewhat Puprising, however, was
gap performance,l

4 
and 3) the testing of one new the excellent performance of the stainless steel and

material, namely copper-graphite. The major properties the poor performances of the graphite materials as
of the materials tested are given in Table 1. cathodes. From the results given for stainless steel

in a pulsed discharge it is seen that the high erosion
Table 1. Properties of Electrode Materials Tested rate reported by Grueber and Suess for an oscillatory

discharge was primarily due to its poor performance as
Material Composition Tmp P c an anode material.

15  
The studies for graphite were

done at a much slower repetition rate (0.03 Hz) and
B Cu 832, Pb 7%, 980 8.7 .29 .09 thus, gave significantly lower erosion rates.

16

Sn 72, Zn 3% Polarit : Unlike previous experiments where
SS Fe 692, Cr 192, 1430 8.0 .04 .14 oscillatory current conditions masked any polarity

Ni 92, In 2% effect, a distinct difference in the cathode and anode
CT W 67%, Cu 332 W-3400 13.5 NA NA erosion rate and most likely the erosion mechanism

Cu-1080 themselves we observed for a unipolar pulse. The
G C 1002 4200 1.83 .21 .20 ratio of cathode to anode erosion varied from 1.5 for
CG C 84%, Cu 16% Cu-1080 2.97 .42 .21 stainless steel to 16 for copper-graphite. Carder

reported ratios of 2.5 to 5 for brss under similar
conditions.17

Top: Mlting temperature,C (graphite sublimes); 0: Cathode erosion rates are plotted in Fig. 4 and
Dnsity,g/c*J; X: Thermal conductivity, cal/cm-sec-OC; show a linear dependence upon the quantity Q - lidt
c: Specific heat, cal/gm-*C; 5: Brass, SS: Stainless- over the entire range of currents. This indicates that
steel, CT: Copper-tungsten, G: Graphite, CG: Copper- the main source of energy producing molten material and
raphite. subsequent vaporizaion and droplet ejection is the arc

and not localized i R losses in the electrode material.
Anode erosion rates are widely scattered with some

anodes experiencing a gain in mass due to material
transfer from the cathode to the anode. For graphite

gs
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and copper-tungsten, an anode erosion rate approximate- shown in Fig. 6 are shown in Fig. 7. The graphite and
ly proportional to Q1.

5 
was observed.- copper-graphite anode erosion occurs primarily in a

band .8 cm wide located .3 cm from the center of the
electrode. This pattern is consistent with the results
of Johnson and Pfender which showed that an annular-

- - shaped attachment region of high current density can

0) $nexist at the anode.
2
7 The copper-tungsten and stain-

13 capr-graori-c) less steel anodes indicate that melting and vaporization
has taken place over the entire surface. Like the
cathode, the diameter of the anode erosion region
increases with increasing current.

a) Anode b) Cathode
Fig. 5. Surface of brass electrodes after 50,000 shots.

'0 10 -
1 

1 
)

Fig. 4. Cathode erosion rates for different
electrode materials.

Gas: The erosion rate for copper-graphite in-
creased slightly in N2 , whereas the rates for all the
other materials were smaller by a factor of 2-3. Row-
ever, because of other factors effecting spark gap a) Copper-graphite b) Graphite

performance, namely the voltage distribution and the
coating of the insulator surfaces, the use of pure N2
is not recommended.

Surface Conditions
The surface of the electrode tips and the insu-

lator inserts were examined after 50,000 shots. The
analysis techniques utilized were Auger electron
spectroscopy (AES), scanning electron spectroscopy
(SER), and optical photography and microscopy. Some
of the wort general results are presented here with a
more thorough discussion to Ws given in another paper. c) Copper-tungsten d) Stainless steel

Brass: The surfaces of the brass electrodes are Fig. 6. Surface of cathodes after 50,000 shots.
shown in Fig. 5. Large scale malting is evident with
dendrites or metallic protusions up to .6 cm in height
existing on the surface. The self- :eakdown voltage
for these electrodes dropped from 20 kV to 30 kV in"
approximately 2000 shots as a result of the macro- 11'
scopic field enhancement. In addition, the voltage
distribution was characterized by a series of "Jumps"

due to large particles being blown off the ends of the
protusions. Originally it was thought that the mte-
rial being "pulled out" of the bulk electrode weas lead
but ASS analysis indicated the surface is composed
primarily of copper and oxygen with a noteable absence
of zinc. From these results and those found by a) Copper-graphite b) Grahite
Marchsi and Maschio it is quite obvious that brass is
limited in its use at higher levels of charge tranafer; 9

Cathode: The cathodes for the remaining materials
are shown In Fig. 6. Considerable erosion has takean
place, especially on the graphite materials, and the
stainless steel and copper-tungsten cathodes show
evidence of severe malting. All the cathodes showed a
distinct tendency to form a large scale crater whose
diameter increases with increasing gap spacing and
current. The idea of using a cathode cup in spark

gape is not new, but it is interesting ibat the elec-
trode erosion results In this shape. 2 6,Va oppr-tungsten d Stainless steol

Anode: The anodes corresponding to the cathodes Fig. 7 Surface of anodes after 50,000 shots.
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Insulator: The insulator surfaces are covered by increases at different rates, depending on the ele:trode
a coating of recondensed electrode material. The one material. This increase in V is a result of the elec-
noteable exception was for graphite electrodes in air trode erosion producing an increase in the gap length.
in which no coating was found on the insulator surface. Also, in Fig. 10, it is seen that except for the case
A dramatic difference is seen in Fig. 8 for the case of of stainless steel Ov remains fairly constant after
graphite run in nitrogen. The entire surface of the 20,000 shots. This suggests a conditioning process
insulator is covered with a thick coating of fluffy during the first 10-20,000 shots where the tip of the
black material which is thought to consist of mono- electrode is worn away and the electrode surface con-
atomi, layers of amorphous carbon.23 ditions required to initiate a discharge become more

uniform. It is thought that the conditioning process
for stainless steel occurs on a larger time scale, and
thus, was not fully completed after 50,000 shots.

2.25 - Graphite (ACF-100)

-Stainless steel (304)

2.00 i - Copper-tungsten (K-33)

0 - Copper-graphite (DFP-IC)
1.7;5

Fig. 8 Lucite insulators inserts for graphite 1.50

electrodes in air and nitrogen.

1.25
All the insulators were covered with solid parti-

cles 10-100 ;m in size scattered within a 5 cm band
centered on a plane passing through the center of the 1.00

gap and parallel to the electrode surfaces. This
indicates that a considerable portion of the solid or 0.15
molten material is ejected parallel to the electrode
surfaces. Although the mechanism for this ejection is
not fully undersood, similar results have been reported 0.50
in vacuum arcs.

24  
A typical particle which was found

on the insulator surface is shown in Fig. 9. 0.5

~~~~0.00, . ' .,

0 10,000 20,000 30.000 40,000 50.000

Number of Shots
Fig. 10 The standard deviation of the self-breakdown

voltage vs. shot number for different electrode

materials in air.

4 -Graphite (ACF-100)
2.25. - Stainless steel (304)

44 r- Copper-tungsten (K-33)

2.00 .- Copoer-graphite (DFP-IC)

~1.75

Fig. 9 A stainless steel particle 50pm in diameter 1 7
on the surface of the lucite insulator insert. ?

Self-breakdown Voltage Distribution
The self-breakdown voltage of the spark gap was

recorded continuously for the first 2000 shots and
thereafter was sampled at intervals of 10,000 shots.
A sample of approximately 400 shots was taken and used .
to calculate the mean (V) and the standard deviation
O v) of the self-breakdown voltage. 0.75.

flterial: The standard deviations for different
electrode materials are shown in Fig. 10 and 11. In 0.50.
an air atmosphere the graphite electrodes have the
smallest ov, and therefore, the most narrow distri-
bution of breakdown voltages. This combination is 0.25.
followed by copper-graphite, stainless steel, and
copper-tungsten, respectively. Examination of the 0.00
electrode surfaces with SEX indicated a direct rela- 0 10.'000 20.000 30,000 40:000 50,100
tionship between the width of the distribution and the
field enhancement due to the different microscopic Number of Shots
surface conditions for each 'iaterial. Fig. 11 The standard deviation of the self-breakdown

Shot Number: In both air ind nitrogen the mean voltage vs. shot number for different electrode
decreases 5-20% during the first 15,000 shots and then materials in nitrogen.
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Gas: Data from the same experiments in a nitrogen 4) R.A. Burden and T.E James, "Statistical Perfor-
atmosphere, shown in Fig. 11, indicate that the best mance Data for a High Current 60 kV Spark Gap
electrode materials for a narrow distribution are the Switch." Proc. 7th Symp. Fus±on Technology,
graphite composites. The large changes in av for both Grenoble, France (Oct, 1972) 24-27.
graphite and copper-graphite are due to low voltage 5) G.S. Belkin and V. Ya. Kiselev, "Electrode Erosion
dropouts where the breakdown was often as low as 50% in Pulsed High-Current Discharges," Soviet Phys.-
of the mean. These dropouts occur primarily in nitro- Tech. Phys. 11, (1966) 280.
gen with increasing frequency after 20-30,000 shots. 6) G. Marchesi and A. Maschio, "Influence of Electrode
The graphite electrodes were examined after the experi- Materials on Arc Voltage Waveforms in Pressurized
ment and a macroscopic growth was found on the anode Field Distortion Spark Gaps," 5th Int. Conf. on
which may have caused the dropouts. These results, as Gas Discharges, (Sept, 1978).
well as those obtained by Affinito et.al. indicate 7) Y. Suzuki, Y. Kawakita, M. Kue, and H. Kawai,
that the combination of graphite and nitrogen should "A 150-kV, 100-kA Spark Gap Switch for Marx
be avoided.

25  
Generators," Proc. 3rd IEEE Int. Pulsed Power
Conf., Albuquerque, New Mexico, USA (1981) 444.

Conclusion 8) B. Carder, "Gas Spark Gap Electrode Heating and

Erosion." Physics International Report PIIR-13-74,
The erosion rates and self-breakdown voltage (Dec, 1974).

distributions were determined for several materials 9) R. Basharov, E.N. Gavrilovskaya, O.A. Malkin, and
utilized in high energy spark gaps. The results from E.S. Trekhov, "Erosion of Cathode Material in a
these preliminary studies have led to the following Pulsed Discharge between Parallel Electrodes,"

conclusions: Soviet Phys.-Tech. Phys. 12, (1968) 1383.
1) The electrode erosion rates and mechanisms 10) G.N. Glasoe and J.V. Lebacqz, Pulse Generators,

are highly polarity dependent, and thus, Dover Publishing Co., New York, (1965) 175.
results for oscillatory and unipolar dis- 11) Manufactured by Schwarzkopf Development Corp.
charges can be considerably different. Holliston, Ma.

12) Manufactured by Poco Graphite, Inc., Decatur, Tx.
2) A large amount of the erosion occurs in the 13) J.E. Gruber and R. Suess

form of solid and molten material which is 14) G. Marchesi and A. Maschio
removed parallel to the electrode surface. 15) J.E. Gruber and R. Suess

16) D. Affinito, E. Bar-Avraham, and A. Fisher,
3) Cathode erosion rates are proportional to "Design and Structure of an Extended Life High

the total amount of charge transferred. Current Sparkgap," IEEE Trans. on Plasma Science,

PS-7, (Sept, 1979) 162.
4) Stainless steel may be an economical replace- 17) B. Carder

ment for copper-tungsten composite as a 18) H.W. Turner, and C. Turner, "Choosing Contact
cathode material. Materials," Electronics and Power 14, (1968) 437.

19) C. Marchesi and A. Maschio
5) Graphite composites can give narrow self- 20) F.S. Goucher, J.R. Haynes, W.A. Depp, and E.J.

breakdown voltage distributions but have Ryder, "Spark Switches for Radar," Bell Sys. Tech.
very high cathode erosion rates. Journal, 25, (1946) 563.

21) Rodney Petre, thesis (Texas Tech Univ., 1980)
6) The stability of the self-breakdown voltage (unpublished).

is dependent upon electrode micro-surface 22) D. Johnson and E. Pfender, "Modeling and Measure-
structure which is a distinct property of ment of the Initial Anode Heat Fluxes in Pulsed
the electrode material. High-Current Arcs," IEEE Trans. on Plasma Science

PS-7, (1979) 44.
7) Certain electrode-gas combinations lead to 23) Lloyd B. Gordon, dissertation

"dropouts" or voltage breakdown as low as 24) J.E. Daalder, "Cathode Spots and Vacuum Arcs,"
50% of the mean. One of the worst of these Physics, 104C, (1981) 91.
combinations was graphite and pure nitro.-en. 25) D. Affinito, E. Bar-Avraham, and A. Fisher
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SPAR" EROSION CHARACTERISTICS OF GRAPHITE AND CO GAS

K. J. Bickford, K. W. Hanks, and W. L. Willis
University of California, Los Alamos National Laboratory

u P. 0. Box 1b63, Los Alamos, New Mexico 87545

Swmumy etition rate (I klrz) were held constant. A 12-0 cable

PFN was resonantly charged (Fig. 2) and discharged

The spark e,"'SLvII characteristic at high-purity through the test electrodes electrodes into a low-

graphite and CO for l-kHz gas blown rail-gap ipplica- inductance 12-0 ohmic load. Self-breakdown was as-

tLions has been experimentally evaluated. The test con- saisted by a low intensity uv preionization spark loca-

figuration simulates a single channel, 1650-A arc dis- ted 4.4 cm downstream. Gas input temperature of the

charge per linear inch of electrode length, with a closed-cycle system was held near room temperature

44-kV self-breakdown voltage and a transverse gas flow (70-79
0
F) by a water-cooled heat exchanger. Gas outlet

of 98 m/s. The dielectric gas was seeded with a small temperature was monitored at the downstream throat of

quantity of azutene vapor and a downstream uv preion- the electrodes by a thermometer; heat generation due to

ization spark was used to assist the self-breakdown of the uv preionization spark was negligible. Electrode

the test electrodes. The erosion characteristics of weight was measured with a 5-decimal gram balance at

other, more conventional electrode materials and di- various operating intervals and the electrode volume

electric gases were also examined and the results are lost was calculated from these weight measurements.
presented graphically. Commerically pure tungsten in Azulene vapor was injected into the dielectric gas from

air was determined to exhibit the least erosion rate a heated (160*F) flow-cell. The azulene partial pres-

(2.1 - 10
-s 

cc/C) for this duty, as compared to graph- sure was small and appeared to have no affect on the

ite and CO (75 x 10
-
6 cc/C). erosion performance of the electrode materials.

Introduction Operating parameters of the electrical driver cir-

cuit and flow system are listed in Table I.
Gas blown rail-type spark gaps are reasonable can-

didates for solution of the fast, high power switching Graphite and CO/Azulene

problems inherent in pulsed gas-discharge lasers. The
low inductance geometry and the reduced, distributed A high purity graphite material was machined into

electrode erosion of multichannel operation are key two identical electrodes, each with a 0.635-cm radius

factors in meeting high di/dt switching requirements along the length, and an overall length of 3.8 cm. The
and solving electrode wear limitations at repetition ends were machined to a radius of 0.635 cm; the active

rates approaching I kHz. The erosion wear character- length of the electrode was 2.54 cm. Full power opera-

istic of an electrode material is obviously a result of tion of the test circuit generated a linear current

many complicated and undefined interactions between the density along the electrode length of 650 A/cu, with a

electrode material, the dielectric gas and flow param- peak single-channel current of 1650 A and 44 kV self-

eters, peak current, voltage, coulomb transfer and rep- breakdown. The PFN voltage risetime was adequately

etition rate. An optimum material or class of mate- slow (550 as) that multichaneling of the arc discharge

rials needs to be identified for use in gas blown, high did not occur, so the erosion rates of the electrodes

repetition rate rail-gap applications. The most prac- can be scaled to full-size rails operating in multi-

tical approach to this purpose is empirical experimen- channel mode with one discharge per inch of rail

tation with candidate electrode materials and conven- length. Azulene vapor was injected into the CO dielec-

tional dielectric gases operating at appropriate stress tri gas and the system was operated for 5.46 million

levels, shots (1310 Coulombs). Current and voltage waveforms

are shown in Fig. 3. Results of the erosion wear are

Experimental Hardware and Operating Parameters plotted in Fig. 4.

General The seeded azulene vapor creates single-photon
electron ionization from the uv preionization spark,

An electrode holder/gas-flow configuration was reducing temporal jitter in the self-breakdown of the

fabricated as shown schematically in Fig. 1. The elec- main electrodes by eliminating the statistical electron

trode spacing (0.635 cm), the active electrode length formation time (1,2,3). In addition, because a copious

(2.54 cm), the gas flow velocity (98 m/s), and the rep- amount of azulene vapor actually reduces the self-

breakdown potential, the excess electron density effec-

tively increases the E/P ratio in the dielectric gas by

increasing E, similar to inserting a small conducting

in, rR G"R P -body between the electrodes or reducing the electrode
PRESSURE spacing. With CO gas and experimental configuration
VESSEL used, only a very small effect of the azulene seed in

the CO gas could be detected. A more energetic uv pre-
ionization source might produce better jitter reduction

0.28 I. V- and enhanced control over the self-breakdown voltage;
closer spacing between the dy spark and the min elec-
trodes may also be appropriate. The main electrode

12 &LOAOself-breakdown time preferred to lock onto the initial-
ization of the uv spark, not onto the peak uv fluence.

The ohmic transition phase of the uv spark occurs dur-

ing initialization and maximum energy is dissipated in
the spark durtng this interval, producing mere ener-

getic radiation. This may enhance the pbotoionization
processes or create secondaries emitted from the elec-

@LOY" trade surfaces. The amalee vapor appeared to "burn
out" of the CO gain faster than it could be replaced by

FO . ILICTIOE ANO GASFU SOMTIC the hot flow cell. The uv preionisation spark lost
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FIGURE 2. 1 kHz, 3.5 kW HIGH VOLTAGE PULSE-CHARGE DRIVER FOR
PRIMARY DISCHARGE.

effectiveness after several minutes of operation at
CATHODE 1 kI~z. Probable cause of seed &as burn-out is the
VOLTAGE large amount of uvi radiation from the main discharge.

Examination of the eroded surfaces of the graphite
0 a showed evidence of microscopic pitting probably caused

by sublimation or burning. The erosion was probably
10 TRAME not caused by localized chipping from mechanical or

WOVERLAY thermal shock; no evidence of graphite particulate coo-
tamination of the gas flow system was observed. The
anode evidenced 20-30%. more erosion than the cathode,

-44 &V - indicating that electron bombardment accounts for sig-
ip nificantly more energy deposition than does the

lOOR/ewcathode-fall effect (4.). This was a universal obser-
vation for all electrode materials tested, not just for

ELECTRODE graphite. Because of the extreme erosion rate ofCURRENT graphite at this particular duty, no experimentation
I t I Iwith the anisotropic properties of graphite were per-

1650A I I iformed, nor were any attempts made to reduce oxidation
t S OLEerosion by spiking the CO with C02 . Zn addition, self-

1PTRALE preionization effects due to Corona were observed
during single-shot trials, which caused prefires at all

0 - ~repetition rates up to I kHfz. The coronsa pauus~

9 12 1

E
n~gs, 3. CATHODE (PFNI VOLTAGE AD 0 10
MAiN DISCHARGE CURRENT WAVEFORMS. 0

W125 - WITH AZULENE 8 1O

01SEED GAS GPM

Z~O 0 d 4Cu

75 0

50 I

00 I 2 30 2 4 6 a 10 12
Ex16SHOTS)

0 1 3 4 5 60 400 960 1440 1920 2400 28110
.j Cx 10 SHOTS] (OLMS

O 240 720 1200 FIGURE a. I k~g ELECTRODE EROSION CHARACTERISTICS OP
(COILOMSS) COMMERCIALLY PURE TUNGSTEN K2IS COWOST.

FIGUR 4. I *as ELECTRODE EROSION OF HIGH PRITT GRPHITE AND A 90% TUNGSTIEN MATERIAL, IN 00h.
IN CO. ELECTRODE RAODtASMCIN RATIO 1 1.0. ELECTRODE RAOIUSISPACING RATIO 1 .0.
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24 , , ratio 5 2. This had no effect on the erosAon rate.• / 0

The essential metallurgical property affecting
6 /_ erosion at this duty appears to be high temperature
0 2 0 - strength, hence the best pertormance by refractories.

Kl 4.,
.. \I I I I I I I

16 / / ea.S-OA I .14A ,. ra

10o .1/ 5 A 11k.o -147 A 1, V1
+ _4k V, - 35 kV V'h V5 34%V --

14 - V, - 44k.* -e' ""v, , , l , .

014 4I.4/ 2.4 10 4 /IOT 1 2.14 1IO C/"IT I as WI CaWT

12 , [- 1 01 o.'ST0

878 1 9S 2S9

0 -

W %%)1 ' .16I
J 4 2 4 6 O 10

0 S O T)?a 878693 2394
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Ux 10Q SHOTS] FIGUREL I kht LECTRODE EROSION OF COWAACIALLV PUR M 1?I 0
AiR P05 DIPPERINT lir. Viy. AND COM SLO ?RSE P 0

0 480 960 1440 1920 2400 2880 mC oo lUSPCN 1amr NO00 o, .0

(COULOMBS)
FIGURE 6. 1 kHz EROSION CHARACTERISTICS OF 316 STAINLESS

STEEL IN CO2 . FOR TWO DIFFERENT ELECTRODE TABLE I
RADIUS/SPACING RATIOS.

Full power operating parameters at I k~z.

was manifest as low intensity, light blue, self-
initiated impulse streamers occurring at random at the Vbr = 44 kV 1650 A C/shot = 0.24 rC

ends of the electrode gap. Increasing the system pres- CO0 Atr
sure was ineffective in preventing their inception ex- -O _O A
cept at extreme pressures where the gap would not break Gas Pressure 12.4 PSIG 18 PSIG 18 PSIG
at all. SCF Flow 63 127 131
Other Electrode Taterials and Gases ATfrise 250F 159F 13°F

Efficiency 78% 67% 77%

CO2 and dry air were used as dielectric gases with Efficiency was determined by aT rise of the
omnmercially pure tungsten (cpW), 90W 6Ni 7Cu, K25 com-
posite (75W 2SCu by Plansee), 70/30 brass, and 316 gas flowing through the electrode gap, using
%taialess steel. The results of these tests are shown eff. = (1 - energy diss./energy switched)The esuts f tesetess ae sown x 100%. Energy dissipated was calculated
in Figs. 5-8. Operating parameters were maintained as f 10 e Eergtis d l
in the previous experiment. Electrode shapes and di-
mensions were identical to those used in the graphite/
CO test, except for a single SS 316 run where the elec- ED = K (SCFI)(AF)
trode radius was doubled, creating a radius/spacing

Iwhere,
14 -

:12 K(air and CO) : 0.34, and K(C02) a 0.43.12

19
0  Oxygen in the presence of tungsten appears to re-

tard the erosion process, perhaps by the formation of
protective oxides (5). The 90%W material in COt was
subjectively judged to be the best combination of those

6 tested: erosion rates of the cathode and anode were
nearly equal and only slightly higher than cpW/air.

0 The machinability of the 90W 6Ni 4Cu material is sub-

stantially better than cpW. Air with 90%W needs to be

tested.

CO2 ga did not exhibit as good a self-breakdown
0. characteristic as air; the extreme temporal jitter vith

0 I 2 3 4 5 6 7 8 CO2 and 550-ns charge time was virtually eliminated by

pK gIO SHOTS] adjusting the uv preionization spark initiation to the
a . -1 1 peak of the P716 charge voltage. This was accomplished

0 240 720 1200 1680 both with and without azulene.
(COULOMBS) Asulene vapor seed in COt produced reaeonable re-

Umg ?. 1 kI [s ILtCC VlUnoN OF UAU IWS01 0 Cot .  eults in that the self-break voltage could be skifted
gLCCThNOM RM*OUS/ INS RATIO -1.0. about the peak of the PFN voltage approximeteLy 910

-.... .,.. - . - - - - ---- - --



by adjusting the timing of the uv spark. The magnitude

of We effect is very dependent on the partial pres-

sure of asulene vapor, and as with CO/agulene, the ef-

fectiveness was eliminated by burn-out after several

minutes of full power operation at 1 kiz.
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LONG-LIFE TRIGGERED SPARK GAP
FOR A

CO2 TEA LASER POWER CONDITIONER*

J. N. Elkins S. Friedman
Uniced Technologies Research Center EG&G

Silver Lane, MS 81 35 Congress Street
East Hartford, CT 06108 Salem, MA 01970

M. Weiner
US Army Electronics Technology and Device Laboratory

Fort Monmouth, NJ 07703

Suemary Table 1. Spark Gap Electrical Requirements

Long-life, compact power conditioners are
currently being developed for pulsed Co laser Load CO2 Laser (Simulated)
applications. Prior experience had indicated that the Nominal Load Discharge Voltage 25 kV
weakest link in the power conditioner lifetime was Energy to Discharge 3 Joules
frequently the spark gap switch which typically failed Normal Discharge Current-Peak 1 kA
after such less than I million shots. In this work the Fault Discharge Current-Peak 2 kA
lifetime issue has been addressed in an experimental Pulse Width (50%) 200 nec
program which defined the switch performance require- Pulse Risetim (lO% to 90%) 100 nsec
ments and then investigated the effect on life of the Pulse Falltime (90% to 10%) 100 nsec
electrode material , gas-fill composition, pressure, and Pulse Rate I Hz
electrode geometry. The performance goal was 10 Misfire Rate <1%
million shots.

Sixteen spark gaps, having various combinations of Sixteen gaps were tested, with two different
these parameters to be optimized, were operated at an electrode materials (Elkonite* and molybdenum)
accelerated rate on a simulated laser load to end of and three different gas mixtures (N +0 +Xe, Xe +0, and
life. The parameters which consistently resulted in a pure Xe). The combination of electodl materials and
life of greater than 10 million shots include: an N gas mixture found to give the required 10 million pulse
02 Xe gas mixture at high pressure, a recessed triggir life was Elkonite/N 2 (69%)+02 (1%)+Xe(30%).
.uppport, and a long electrode-to-electrode insulator2 2
wall. The walls are ceramic, the outside diameter is Test Circuitry
1.0 inch, and the length is 1.5 inch.

A schematic of the spark gap test circuit ts shown
A total of six triggered spark gaps having these in Fig. 1. The 0.017 ;F energy storage capacitors were

parameters were tested, gas fill analyzed, and charged tn parallel through the 56 kilohm resistors,
autopsied. Five of the six exceeded the lifetime goal and discharged in series through the spark gap under
of 10 million pulses and one lasted 19 million. The test and a simulated CO laser load consisting of a
Saps were tested in a Marx circuit switching 1 kA. triggered spark gap in ieries with a resistor whose
Load current was periodically changed to a 2 kA damped valLes which approximates the laser dynamic impedance at
ringing pulse to simulate laser faults. Static teats, peak -'errant. The triggered load gap was either an
conducted every one-million pulses, included measure- EG&G GP-?O or GP-46D gap, triggered by capacitive
sent of static breakdown voltage and the minimum coupling between the trigger electrode and the high-
trigger voltage. The occurrence of pre-f ire and voltage side of the spark gaps. This load scheme was
no-firos was monitored continuously by diagnostic found to be more stable than over-voltage spark gaps.
circuitry and recorded. A typical current waveform is shown in Fig. 2a.

Introduction To simulate a 1% laser fault rate, the 16.5 ohm
resistor (Fig. 1) was replaced by 8 ohms for 5000

A long-life triggered spark gap for use as the shots at the end of each 0.5 million life test cycle.
switching element in compact power conditioners for This produced the current pulse shown in Fig. 2b.
pulsed CO2 laser applications has been developed. This Currents were measured using a current transformer.
spark gap has a demonstrated operating life of over 10
million pulses and meets all the electrical, To accelerate testing, three identical circuits
geomtrical, and environmental (wL-STD-81oC) require- were operated simultaneously, as shown in Pig. 3, each
manta for use in a pulsad CO laser power conditioner at a 5 Ha pulse rate. The energy storage capacitors
having the electrical specifications listed in Table 1. were charged from a command charge power supply, with

the charging and trigger signals provided by a custom
designed control circuit. Each spark gap was triggered
using a standard WG TH-I1A triRer module.

*This wk m support#d by Contract DA K2O-80-C-0290
mon1tored by the Electroaics Technology A Devices

Laboratory, US Amy Electronics Research and
Development Comand (IRADMCf), Fort owoth,
Now Jersey.
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0.01 7;F 1 07F 120F

16.5il
16W

TO CURRENT r TRIGGERED N

TR4ANSFORMER 01FLOADDIAGNOSTICS j kV GAP Io, .1K, W'
1K, 1W

TRIGGER FROM
TRIGGER CONTROL-TM-iIA
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L-.. _.J

Figure 1. Spark Gap Test Circuit

The time sequence of circuit events is as follows:

Time(sec) Event

0 Trigger main power supply
0-120 Voltage on test gaps rises to 12.5 kV
120-175 Voltage on test saps swells at 12.5 kV

12- -175 Signal to main power supply stops
180 Test gap 41 triggered

II 180.1 Teat gap #2 triggered
cc 180.2 Test gap #3 triggered

200 Trigger main power supply, beginning
- - -cycle again

0 b--Sy triggering the three Saps 100 us apart, instead

of simultaneously, any pre-firee caused by crosstalk
could be readily distinguished from normal firing.

- 00 0 Typical spark gap voltage waveforms are shown in Fig.
ns 4.

a) n TIME

- -Dignostics

1.8 iThe diagnostic circuitry monitored the current

- -through each of the Saps under test end detected when a
Sap fired without Laing triggered (pre-fire) or did not
fire when triggered (no-fire). A block diagram of he
diagnostic circuitry is shown in Fig. 5. When the
trigger signal from the control electronics was applied

- -I - to the gap under test, a one-shot was triggered
simultaneously, closing Gate A for 20 us. When the

- -spark gap subsequently fired, a 10 us one-shot was
0 - triggered, and the differentiated pulse sent to Cate A.

0 If the positive spike (corresponding to the d~tfaten-~tinted trailing edge of the 10 us pulse) reached Gate A
within 20 us after the Sap was triggere, Gate A was
stl lsed; therefore, no signal was sent to the
strip-chart recorder. Thus, if the gap fires within

"" 10 us of being triggered, no pre-fire signal was
100 generated. It the gap fired at any other tine, then

TIME Gate A was open, and the differentiated trailing edge
b) of the 10 u pulse triggered the 100 . one-abet,

sending a preo-fire signal to the strip-chart retoeder.
Figure 2. Spark Gap Current Wavoform A prefire signal could also be generated if the gap

had a delay tim greater than 1O u, but no such
were observed.
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'II

Z DIAGNOSTICS ]CHART

SEQUENCE PULE NO 2 NO 2
CONTROL CHANNEL 2

TM-11A TEST CIRCUIT RCRE
PULSER NO 3 CHANNEL 3 NO. 1

Figure 3. Spark Gap Test Stand

If the no-fire detector, the roles of the 20 us Testing Procedure
and to us one-shots were reversed. The 10 us pulse was
synchronized with the gap trigger, while the 20 us The spark gaps were life tested at a 5 Rz pulse

one-shot only fired, thereby closing rate B, when the rate. Numerous static tests were performed and the

gap fired. Thus, if the gap failed ta fire within gaps were operated for a period at the specified I Rz

.0 -s of being triggered, then Gate B was open when the rate every one-mildton pulses. in addition, testing

differentiated trailing edge of the 10 us pulse under simulated laser fault conditions (Fig. 2b) was

arrived, and a no-fire signal was sent to the strip- conducted every half-million shots in order to

chart recorder. The circui: wae configured so that a distribute any fault effects more realistically.

no-fire signal sent to the itrip-chart recorder had fault, static, and I Hz tests were performed as

approximately twice the amplitude of a pre-fire signal. follows:

The chart, therefore, indicated both the number and

nature of any misfires that had occurred. 1. Normal testing was stopped and the gap

operated at 5 Hz under fault conditions for

approximately 5000 pulses;

2. The specified holdoff voltage of 15 kV de was

imposed across the gap for one minute. If no

breakdowns occurred, the gap was deemed highly reliable

for the much shorter holdoff time required in actual
12.5 operation. & resistor was used to limit the gap

- - KV current in case of breakdown;

- -/-s-a- - e -3. Self-breakdown voltage was measured, using the

- -same setup;

4. The gap was put back in the life-test setup,
and minimum trigger voltage measured under actual

- operating conditions by gradually reducing the T*-ILA

output until triggering became erratic.

5. The gap was operated at l Ra for 5 minutes

(300 pulses) while monitoring the charging voltage

M S IMSt0 vaveform with an oscilloscope.

TIME At the completion of the life testing, the gas

constituents of each gap was analyzed and then the gap

Figure 4. Spark Gap Chargir, Voltage was subsequently autopsied.
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TRANSFORMER 1K T
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ONE SHO ONE SHOT

Figure 5. Diagnostics

Spark Gap Design

The long-life gap, designated GP-4610 is shown in 1600 in

Fig. 6. The cross section of a standard GP-465 spark 0.3300
gap is shown in Fig. 7a. The cross section of the
long-life gap is shown in Fig. 7b.

Two aspects of the design were specifically

changed to promote long life. First, the ter
-  0.5 in.

electrode spacing was made relatively mall. Second,
the cersic spacer between the trigger probe tip and A
adjacent electrode wes recessed. The changes are
readily apparent by comparing Fig. 7& and Fig. 7b.

The small inter-electrode spacing helps increase 1020 in.---
life by decreasing the rate at which SIY declines with
gas cleanup. From Paschen'z Law SSV % constant x pd.
Where p is the pressure and d the inter-electrode
spacing. Thus, the rate of change of SlV with p is
lower for smaller d. Small inter-electrode spacing 1.450 in.
also increases the Sap electric field, which theore-
tically decreases the resistive phase tine constant,
thereby reducing dissipation. According t? a
eam-eupirical formula developed by Hartin , the
resilqve phase time constant T is proportional to

wi , where 9 is the sap electric field. If we take
9 to be Inversely prolortional to d. and pd to be a
constant fi by the desired gap voltage, then T
varies as d . The extandar (Fig. 7b) reduced d by a
factor of about 4, thus theoretically reducing T by a
factor of 3. The reason for using an extender (Fig.
7b), to decrease d, instead of simply shortening the
entire Sap, was to avoid increasing the chance of gap
failure via external flashover or internal breakdown Figure 6. EGG GP46LO Triggered Spark Gap
along the insulator.

Recessing the ceramic spacer between the trigger
probe tip and the adjacent electrode prevents trigger
shorting caused by coating of this ceramic spacer with
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Figure 7. Spark Gap Designs

sputtered debris. Normally, the main discharge keeps The dominant failure mechanism was abrupt loss of
this ceramic clean but experience has shown that at the holdoff due to internal breakdown along the insulating
relatively low current level involved in this wall, caused by deposition of sputtered electrode
application the discharge would not have sufficient material. This condition was evidenced by a rapid
power to clean effectively, increase in the pre-fire rate, and in some cases, onset

of continuous conduction.

All the Saps tested were 
of the design shown in

Fig. 7b. Parts were carefully selected to maintain a
+0.005 inch tolerance on the inter-electrode spacing. Those Saps which had extremely short life (<106

pulses) were found upon autopsy to have heavy wall
Test Results deposits, along which substantial tracking had

occurred. The tracking always emanated from near the
A total of sixteen GP-4610 gaps were constructed, base of one of the electrodes, suggesting that braze

utilizing Elkonite (copper infiltrated tungsten) and material was involved. The correlation of extremely
molybdenum electrode materials and three types of gas short life with pure Xe may, therefore, indicate some
mixtures (N +0 +Xe, Xe+O , and pure Xe). Table 2 lists unfavorable interaction with the braze material. It
the data fo1 all the gapi in order of decreasing life. was thought that adding a small amount of 0 would
It can be seen that the combination of parameters oxidize the wall deposits, rendering them nincooduc-
giving best life was Elkonite electrodes, N2+02+Xe gas tive. However, Xe+O gaps failed to fire at voltages
mixtures and an initial SBV of 30 k. much below SBV, as discribed further below.

Table 2. Life Test Results

AVG.
ELECTRODE INITIAL LIFE PERCENT MISFIRE FAILURE

GAP# MATERLL GAS FILL SBV(KV) (SHOTS) PREFIRE NO-FIRE MODE

1 Elkonits N2402+Xe 30 19.2x10
6  

<.001 .05 Loss of Holdoff
2 ""15.8x10 6  <.01 <.001 "
3 >ll.4x10 6  <.001 Still operating

when test ended
4 1." •4x,06
5 10.3x10

6  
"

6 Holy 9.5x10
6  

.2 .2 Loss of Holdoff
7 Elkonite " 27 7.4x106  .01 <.001 "

8 Holy 30 l.lx106  "
9 " 25 0.8x10

6

10 " 30 O.5xl06

U Holy X& 25 -10
4 "

12 Elkonite " "10
4

13 " 20 10
4

14 Holy N2+0 2+laX 30 - Mn. operating

voltage too high
15 Elkonite 40

--
16 " 2
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during operation revealed a gradual build up of wall 30 -A :

deposits, which upon autopsy, were found to be faLrty 5 2 I

uniform, indicating that nothing beyond simple 26 -

sputtering of electrode -material had taken place. 22- TESTING
TERMINATED

None of the autopsies, including those of the 18
short-lived gaps, revealed significant electrode damage L

beyond a rounding of the trigger probe tip and the
inside edge of the adjacent electrode. This cnused the
minimum trigger voltages to rise with life as [ GAP 03
illustrated in Fig. . 30 -GA

26
~4 22TETN

13GAP #5 ( ETN
0G 5TERMINATED

12 - o 1 ,0

30 GAP #7

26

, 22
13 GAP#3 OF LIFE~13 - -, . - ENE) IF

I 12 - 0 . , ! I I , l

cc 0 2 4 6 10 12 x06

3 10 PULSES

Figure 9. Representative SBV vs Life Data

10
~ GAP #7> 9

c- 8 tt should be notd that all gaps must undergo an

7 - Lnittal conditioning before reaching their rited SBV.
This conditioning is done hy firing them anywhere from

6 I a few ttme. to a few hundred times as required.I • , I , I i •

0 2 4 6 8 10 x i0 6  
Conclusions

PULSES
Lifetime in excess of t0

7 
pulses have b.-n

Figure 8. Representative Minimum Trigger demonstrated with triggered spark gaps having Elkonite
Voltage vs Life Data electrodes, N 0 +Xe gas fi11, 30 kV SSV, small inter-

electrode spahinJ, and a recessed ceramic insulator
between the trigger electrode tip and adjacent
electrode. Of the six such gaps tested, only one
lasted less than 10 pulses. Misfire rates (pre-fires

Representative curves of SSV versus life are shown plus no-fires) were 1.0 percent or less for all six
In Fig. 9. The sharp initial decline in SIV seen for gaps.
gap was characteristic of gape tested early in the
program and prompted the increase of the initial SBV of Acknowledgements
later gaps to 30 kV. As a consequence, these gaps had
frequent no-fires for the first few hours of operation, The design for the GP-4610 spark gap was proposed
but subsequently S9V declined until the end of life, by David Turnquist now at IlApulse Electronics. The
which wee always relatively abrupt. The transition from spark gap diagnostics were designed and constructed by
normal operation to total failure usually occurred over Richard Dolbear of EG&G. Gas fill analysis was
a period of just a few hours, performed at UTRC by Eugene Brull.
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gap. Apperently ilitial conditioning of thee14ctrodee
during pumping and filling had raised the minimm 2. Crags, J. D., "Spark Channels" in Craggs, J. D.,
operating voltage too far, particularly in the case of and J. M. Meek, Electrical Breakdown of Gases, John
the 1-0 gao minrtue. Avoiding the Xe-02 gag six, and Wiley, New York, 1978, pp. 801ff.
sligbtl reducin the initial SIV, should eliminate
this problem in the future. 3. Rourke, 1. C., Maxwell Laboratories Inc., San (

Diego, California, NLTS-69, 1969 (unpublished).
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RECOVERY OF ELECTRIC STRENGTH
IN PRESSURIZED SPARK GAPS

S. L. Moran, L. F. Rinehart, and R. N. DeWitt

Naval Surface Weapons Center
Dahlgren, Virginia 22448

Summsary This paper describes an experimental apparatus

which is superior to one previously constructed and

The recovery of electric strength of various described in reference 2. A description of the setup
gases in a small pressurized spark gap is measured and procedure is given along with electric strength
using a two-pulse method. The first pulse is used to recovery data at various pressures for six gases;
overvolt and break down the gap. The second pulse is nitrogen, hydrogen, helium, air, oxygen and argon.
used, after a variable time delay, to determine the A brief description is given of the theoretical
electric strength of the ionized gas. Varying the approach used to explain the data in terms of the
time delay to the second pulse provides a plot of ratio of neutral to charged particles in the gap.
electric strength versus time-after-breakdown.

The time delay between the first and second
pulses can be varied from less than 100 ns to greater
than 100 ms. Breakdown and recovery voltages can be
measured in gases at pressures from atmospheric up to
7 MPa (1000 psig). rv

The spark gap used in these experiments is an
untrigqared pressurized gas spark gap composed of I
1.9-cm diameter flat electrodes with rounded edges.
Gap spacing is 0.127mm (5 mils), and the energy _7.5cm
discharged is 0.4 J at voltages up to 20 kV. E 6

Recovery curves at various pressures have been -
obtained for nitrogen, hydrogen, helium, air, oxygen
and argon using brass electrodes with essentially no
gas flow during the recovery period. Statistical
analysis shows a Gaussian distribution of the data
for both the first- and seconO. 'ulse breakdowns. 1" LONITDIA SETO;~sETOfor oththefirt- nd ecod lsebrekdons.LONGITUINAL SECTION CROSS SECTION

- ELECTRODES
A theoretical explanation of the data is being B-SRASS END CAPS

developed which explains recovery in terms of the #-PtEXIGLAS HOUSING
ratio of neutral particles to charged particles in M-DEPTH MICROMETER GAS FLOW
the gap volume. A time dependent recombination G-SPARK GAP -0" RING SEALS
coefficient is used to obtain this ratio as a function I / mm IVLUN tuBINI.
of time-after-breakdown. Figure 1. Spark gap

Introduction Description of Experiment

Many applications of spark gap switches require Spark Gap and Gas System
high repetition rates. Since repetition rates -..e
often limited by the recovery time of the spark gap, The spark gap and housing are shown in Figure 1.
a better understanding is needed of the dominant The spark gap area is between the ends of two remova-
factors involved with the electric recovery of the ble solid cylindrical electrodes which are 1.9 cm in
gas. Investigations are being made to determine the diameter. The outer one-third of the diameter is
electric strength (voltage recovery) of the gas as a rounded to reduce field enhancement. The flat surface
function of time-after-breakdown for small spark gaps. of the spark gap is 0.635 cm in diameter. The gap is
Considerable experimental recovery work has been surrounded by a Plexiglas housing which contains three
performed with spark gaps operating at or below inlet and three outlet holes 2 m in diameter which
at ospheric pressure, and at power line frequencies. direct the gas flow more evenly across the electrode
Our efforts are directed towards high pressure spark surfaces. Total gas volume inside the gap is approxi-
gaps which are highly overvoltd by imulses. To mately 1 cm

3
. The gap is sealed with o-rings and can

obtain this information, two high voltage pulses, withstand pressures up to 7 MPa (1000 psig). The gap
with a variable time delay between them, are applied spacing is adjusted by a micrometer attached to one
to the gap. The first pulse is used to overvolt and electrode and can be adjusted under pressure to
break down the gap, while the second pulse is intro- 0.01-mm (0.5-mil) accuracy.
duced during the recovery period following the initial
breakdown. The voltage rise of the second pulse is The gas flow system is shown in Figure 2.
limited by the electric strength recovery that has Pressure is regulated from the gas bottle and
occurred since the first pulse breakdown. By vary- is measured by a single gauge accurate to 7 kPa
Lng the time delay between the first and second (1 psi) over the range from amspheric to 7 NPa.
pulses, a plot of voltage holdoff versus time is The gas tubing is split three ways at the spark
obtained, gap and is recombined before aonnemnq to a

set of metering valves. The gas pressure is
dropped to atmospheric across the metering valves
before passing through one of four possible flow
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meters used to measure flow rates from 0.1 to C, through Rs, the spark gap, and R,. After the

1000 cm3/s. All gases used in these experiments desired time delay, the second pulse, which is used

are untra-high purity, to measure the voltage holdoff of the ionized gap,
is generated by triggering V, which discharges C,
through R~, the spark gap, and R,. R, and R, are

VENT Carborundum resistors used to limit the current to

PNESSUAE 500 A to protect the thyratrons; R, is a current-
GAUGE viewing resistor. Voltage is measured with aPRE[SSURE COANdH

REGULATOR resistive voltage divider across the spark gap. The
voltage waveform across the gap is shown in Figure 4.

FINE FLOW METERS

SPARK
GAP METERAING

VALVES

GAS
ICVLI5DEM

Figure 2. Gas pressure and flow instrumentation

S.V. POWER S.V. POWER
SUPPLY SUPPLY

D 2 Figure 4. Voltage waveform across spark gap

i--" -- - The voltage rises to the striking potential of the
RI R2 gap in 20 ns and then falls abruptly to an inter-

3m CI R3 R4 C2 3M mediate level from which it tapers off more slowly.
This intermediate level is the point where a rising

4 "2.NF Ldi/dt voltage waveform intercepts the trailing edge
V1 Z. 40 V2of the pulse. L is the inductance of the spark gap

and current-vhewing resistor, about 100 nli, and di,'dt
is about 10 A/s. Oscillations following the break-

500 SPARK 150 down are associated with the in2uct nce and stray
7 see GA , capacitance of the spark gap. Fiare 5 shows the

GRID GRID current thtiugh the gap (vuItage across R,), which

DRIVE RS 025 DR I is limited to 500 A at 20 kV and discharges the

r
° f 2.5-nF capacitor in 500 ns 5T I. The energy dis-

charged through the gap depends only on the energy

VOLTAE 1 stored in the capacitors and not on the breakdown
_--- -----------A I--4 - . .J voltage of the spark gap.

AIN /CURRENT DELAY

/ RESISTOR 6

Z AXIS INPUT VERTICAL

L. TRIGG ER /OELAY GEN }--

Figure 3. Two-pulse circuit

To-Pulse Circuit

A diagram of the two-pulse circuit is shown in Figure 5. Current w.,eform through spark gap
Figure 3. The trigger/delay generator, shown at the
bottom of the diagram, has two outputs which control First- and second pulse amplitudes are obtained
the time delay between the first and second pulses from oscilloscope photographs. However, it is diffi-
(100 ns to 250 me) as well as the repetition rate of cult to obtain photographs of two 20-ns pulses sepa-
the pulse pairs (0.5 to 5 pulse pairs per second). rated by many milliseconds due to the high-intensity
The outputs of the trigger/delay generator are used blooming of the baseline. The problem becomes worse
to trigger two 8613 hydrogen thyratrons, Vt and V,. with multiple trace photographs, but can be overcome
C1 and C2 are charged through R1 and R, by two high using the configuration shown in the lower part of
voltage power supplies. Operating limits of the Figure 3. A second voltage divider is placed across
thyratrons require the voltage to be between 4 and the spark gap and connected to a high-gain amplifier.
20 kV. To generate the first pulse, which is used
to break down the gap, V, is triggered and discharges
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The output from this amplifier is used to control
the intensity (Z axis) input of a Tektronix 7104
oscilloscope, thereby making the intensity of the
trace proportional to amplitude. The propagation
time through the high-gain amplifier and oscillo-
scope Z-axis circuit is 150 ns. It is, therefore.
necessary to pass the voltage waveform signal
through a 150-ns delay line (33 m of RG-58 cable).
This technique allows the baseline of the oscillo-
scope trace to be dimmed or blanked completely

while maintaining bright pulse spikes, as shown in g ,.av& gnrFigure 6.

S Figure 7. Multiple image photograph of breakdown

amplitudes with a delay time of 1 me

WITH BASELINE BASELINE BLANKED
The horizontal sweep rate of the oscilloscope is
adjusted so that the chosen time delay between the

Figure 6. Single-shot photographs of first and second pulses is one-half the oscilloscope
20-ns pulses I ms apart screen width. The camera shutter is open while the

pulse pairs are firing about once per second. The
Experimental Procedure trace is manually advanced slightly for each pulse

pair until the beginning of the trace has moved
Prior to collecting recovery data, the spark halfway across the screen. This creates a multiple

gap electrodes are polished down to a clean surface image photograph of about 30 pulse pairs, each with
and conditioned with at least 100,000 shots in the the same time delay. The first pulses are on the
gas to be tested. After repeated conditioning and left half of the picture, and the second pulses are
polishing, the flat electrode surfaces become on the right half. The mean and the standard devia-
slightly domed. This causes the effects of condi- tion of the voltages are then calculated to provide
tioning to be more pronounced near the center of one data point for the recovery graphs.
the electrode tip. The maximum deviation from a
flat surface was .013 cm for these experiments. Experimental Results
lap spacing is measured at the desired gas pressure
oy closing the micrometer until an ohmmeter indi- As can be seen in Figure 7, there is significant
cates the gap is shorted and then opening the variation in the breakdown voltages of both the first
micrometer to the desired spacing. and second pulses due to the statistically varying

time-to-breakdown. The amplitudes show that for a
The gas flow is adjusted so that the total given time delay there is no correlation between a

volume of the spark gap is exchanged between pulse particular first-pulse breakdown voltage and the
pairs but remains essentially motionless between corresponding second-pulse breakdown voltage.
the first and second pulses. This changes the Measuring hundreds of amplitudes shows that the
gas between pulse pairs to prevent any long-term statistical variation of first-pulse amplitudes forms
buildup of impurities, but does not allow the gas a Gaussian distribution about the mean. An example of
to change significantly during the recovery period, this distribution is the cumulative probability versus
Since high gas pressures create high gas densities breakdown-voltage graph shown in Figure 8. Observa-
in the spark gap and since the flow rate is measured tion of smaller populations of second-pulse amplitudes
at atmospheric pressure, the gas flow must be indicate that their distribution is also Gaussian.
increased as pressure is increased to assure that _"

the gap volume is exchanged between pulse pairs.

Since gas temperature may affect gap recovery, 
1 ARGON 00

thermocouples were placed inside the gap volume 71 101.4 KPA 0 psig) 0
°

and the gas tubing to measure the temperature of e.0127 cm GAP 0
the gas at various pressures and flow rates. CFO A EECTROES
Results show that the gas temperature is about I0 00
360 C and does not vary more than 30 over the range !"
of pressures and flow rates used for this data. R 000

Because the spark gap fires during the voltage 0 POPULATION: 344 PULSES
rise, the statistically varying time-to-breakdown 3", CELL SIZE: 10 V
causes statistically varying breakdown voltages.
Theefore, recovery data must be averaged. Data 2-- 0
are obtained photographically using multiple image
photographs similar to the one shown in Figure 7. .

0 I I I I III I I

.1 1 5 10 40 0 0 N U I U
CUMULATIVE PROABIUTY 1%)

Figure 8. Cumulative probability versus

first-pulse breakdown voltage
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An example of a recovery curve (nitrogen at
1400 kPa) is shown in Figure 9. Each pair of means 120- 44UKPa15 piq)
and standard deviations (a) is obtained from one
photoqraph containing about 30 pulse pairs. The
100% line represents the mean of all first-pulse 100- 0
data points in the 13 photographs used to generate

this curve. 4 /21

In GO.-0 KP (So pal)

S*rtnoAL VAITINWS-4 
! -:"2 o ( :N

2S -.4{ percent70 reco, e versus time, fr h(droge
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a li e TFigure 1. Percent recovry v r us time for hydrogen
at various pressures3
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Figure 9. Recovery curve for nitrogen at 100- 0.013 ols WA GAP
: I cIs LOW

1480 kPa with 0.013 cm gap p nl, RCTR00S P

strength versus t2te-after-breakd. e n curves for six. m
gases at various pressures. Brass electrodes are
used with a gap spacing of 0.013 cm. The data points iN

amplitudes. The standard deviations and the first- KPA Ias Poo
pulse means are not shown.
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_P Figure 12. Percent recovery versus time foo 
nitrogen

SISaP oO at various pressures
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Figur 10. Percent recovery versus time for argon
at v-arious pressures I

Figre 13. Percent re:overy versus tim for helium (
at various pressues8:,
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, Model

1er, op. After the first-pulse breakdown,a column of

S U, 4 . plasma exists in the gap which leads to a lower
M o t electric strength when voltage is applied by the

01- second pulse. During the delay between pulses, the
neutral particle density in the plasma column isI4 0"1l~n increasing since recombination processes are occur-
ring among the charged particles. A percentage
recovery, R, can be defined as the relative density

- .of neutral particles to the total number of parti-
101 KP4 .h0"1 cles. When all recombination processes have ended,

29. R will equal one and the gas will have recovered.
At any time,the total particle density N is the sum

_ _ _ _ _ __ of the neutral particle density n
n 
and the charged

,Is. tell 0 particle pair density n, that is
Ms)

N - n + n
n

Figure 14. Percent recovery versus time for oxygen The rate of recombination is governed by the
at various pressures decrease in charged particle density according to

the general equation

,asi ~As SEW 9s . D62n - an
2 

- yn

In, 48613 - A I
I lh FLOW Me Rp. where the terms on the right-hand side describeMm £A diffusion, recombination and attachment, respec-

tively. The coefficients of these terms are
u80. temperature dependent. When the diffusion term can

M ser. 0,)-") be ignored and the gas is non-attaching, y is equal
5to zero and the general character of the recovery
£ Wcurves will be described by the simple equation

KP. 48 PM1dn a
- it-

If a is not a function of time, the solution is

IS' Inut I- n~ n(o)
1 + an(o)t

Figure 15. Percent recovery versus time for dry air
at various pressures A normalized charge particle density n' can be

introduced by

The graph for argon shows that complete
recovery varies from about 10 msec at one atmosphere n' =
to 100 usec at 7 MPa. The recovery curves for hydro- n (o)

gen are more erratic and show that increasing pressure
does not necessarily decrease recovery time. Complete while the percent recovery is

recovery for hydrogen occurs between 10 and 100 usec n.n --
for pressures above 50 psi. Recovery results at R . n
atmospheric pressure are erratic and are still under N nn
investigation. Hydrogen tended to overshoot or exceed n
100% by as much as 20%. as did helium. The total particle density N is directly proportional

to pressure; therefore R is pressure dependent. The
obtainedry an earliefor hydrogen and argon were equation for R gives the characteristic S-shape,

also bt2ndoanerirtwo-julse system with sitn otelf ihpesrta sal

approximately a 0.5-us riss, time . Even though the shifting to the left with pressure, that usually

spark gap geometry was different and the energy dis- appears in the recovery data plots.

charged was in the millijoule range, the recovery It is well known that for short time scales, the
curves were similar in shape, and recovery times were recombination coefficient is time dependent. ' The
generally within a factor of two. process of spark breakdown will result in initial

columns of ionized gas, and the charged particle
The recovery curves for nitrogen, oxygen and reduction rate is described by the general equation

dry air are limited to lower pressures due to the high above where n - n(t). Numerical solution of the
electric strength of these gases and the voltage limi- equation gives the normalized charged particle
rations of the experimental apparatus. Gas flow rate density n(t)/n(o), while the condition N - nn (t)+was varied by an order of magnitude in A, N and H, n(t) gives the neutral particle density ly
without greatly affecting the recovery times. the ratio r - n n(t)/n(t) allows R - r/(l+r) to be

evaluated. Introducinq this time dependence for the
recombination coefficient causes the shape of the
recovery curves to vary with pressure, providing a
qualitative fit to the experimental curves.
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Flow VisualizatLon ia a Gas 'lown Spark Gap

T. 1. Pedecon
r1. 1. Carper"

Uechanictl Ingi.ieering Department
Texas Tech Onivirstty
Lubbock, Texas 79409

Suiar)! approach taken in this study was to use an optical
method and high-speed photographic techniques in an

This paper presents results obtained during the tnittal attempt to visualize the flow in a gap, and
initial phase of a study of effects of fluid meohan- to determine if effects on the gas density distribu-
i-s and heat transfer on the performance of gas tion history of several of the aforementioned
blown spark gaps. Udr was blown between hemispherical variables could be seen. The electrode geometry
electrodes with arc pulse rates of up to 300 pps. 4 chosen for this study is somewhat simplified, and
Masc-Zehader interferoiseter system was used to the gas velocities and rep rates are admittedly low
visualize the gas density variations during the compared to those contemplated in practical gas
flushing process. tigh-speed photographs show the blown spark gap designs. Powever, it was felt that
flow patterns as the heated gas resulting from arc many of the questions associated with the expertmen-
discharges convects out of the gap. These inter- tal methods could be answered using these simplified
ferograms also show the effects of boundary layers conditions.
near the electrodes, as well an the path of a typi-
cal prefire arc passing through the heated gas from Experimental Setup
the previous arc discharge. From this initial
investigation, it is apparent that the inter- A photograph of the experimental setup is pre-
ferometer represents a useful tool to obtain quali- sc.ted in Figure 1. An electrode configuration con-
tative information. about flow patterns in gas brown sisting of two 1-inch diameter brass electrodes with
spark gaps. Work is continuing to develop this tool spherical ends was used for all experiments. The
to obtain quantitative data for the post-arc gas electrodes were mounted between parallel insulating
density distribution as a function of time. plates with dko side enclosures. Thus, the electrodes

were open to the laboratory air environment, flush-
Introduction ing of the interelectrode gap was accomplished by a

jet of air issuing fiom a 2-inch diameter PVC pipe
It is well known that there is an important connected to a variable flowrate blower. The exit

influence of the interelectrode fluid mechanics end of the pipe was placed about two inches from the
related heat transfer processes on the performance electrodes with the xis of the Jet perpendicular
of gas blown spark gap switches. In fact, for to the axis of the electrodes. The gap was thus
heavy-duty, rep-rated operation of these types of exposed to an essentially uniform free-stream
switches, the fluid mechanics often become the blowing velocity with a direction normal to the path
controlling factor in governing maximum rep rate. of the arc discharge. Arcs were generated by a
In general, the qualitative nature of switch behav- relaxation oscillator arrangement with a 0-20 k,
ior ts such that if it is desired to increase rep LO kW power supply. The values of the charging and
rate, the gas blowing rate not also be increased in load resistors were 100 M and 25 11, respectively.
order to flush the posterc hot gae from the gap
more rapidly. Rowever, the physics of the flushing The electrode assembly mas placed in the test
process is complex and poorly understood, and quan- section of a Mach-Zehnder Lnterferometer with 6-inch
titative relationships between gap recovery time and diameter optical elements and a 15 dm helum-neo
the fluid mechanics end heat transfer are needed, laser light source. The orientation of the blowing

jet was such that a side view of the flushing proc-
One problem involves relating gap breakdown se could be observed. Two different high-speed,

voltage to the nonuniform gas density distribution 16-m motion picture cameras were used to obtain the
which exists in the gap after an arc discharge and sample interferograee presented. With a 110-volt
which changes with tim as the hot gas is purged power supply, one camera provides full-frame pic-
from the gap. The related problem is to determine, ture at up to about 4,800 pictures per second, and
for a given arc discharge, this posterc aos density the other provides half-frams pictures at about
distribution history as a function of fluid aschan- twice the rate of the full-frame camera. A
Ics, heat transfer, and electrical variables, telephoto lene was mloyed with each camera.
Important variables influencing the Sa density
distribution history are the characteristics of the Discussion of Pesults
arc, properties of the electrode materials,
electrode geometry, type of gas, end the mess The results of the present study are presented
florrate through the interelectrode region, in Pigures 2-5. ach figure presents a series of

interferograms printed from 16-ma, high-speed, black
In an effort to address the problem of expert- and white reversal film (Kodak TI,-1 teversal film

mentally determining the gas density distribution No. 7276). Since the prints were ae from poeL-
history following an arc discharge, the work reported tives, they appear as negatives; that is, %%at would
here me undertaken. The short time scale on wsrich normally appear white to the eye appears black an
the energy released by the arc end the subsequent the prints. This is particularly evident for the
flushing process occurs, the physically mall space arcs shown in the figures.
involved, ad the high voltage potential between the
electrodes render the use of probes to measure local All figures show a sequence of six photographs
density difficult if not impossible. Thus, the obtained at a camera speed of approximately 4700
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' Camera

AMA

Figure I. Experimental Setup

frmes per second. The exposure time for each pic- Figure 2 presents photos of the density
tur. is about SO as. In ell pictures, the tips of variation of the gas in the Lnterelectrode region
the hemispherical electrodes appear to the upper and following an arc discharge. The blowing velocity
lower left. For reference purposes, the black line wa 5 ft/s, and the capacitance of the discharge
drawn on each picture indicates the vertical axis of capacitor vas 0.01 ji?. The gap spacing was 0.15 in.
the electrodes. Lighting conditions, the position and the breakdown voltage ma approximately 12.5 kV.
of the electrodes within the fram, and the field The resulting arc current waveform was underdamped,
of view vary somewhat between figures due to the had a maximum current of approximately 200 A, and
exploratory nature of the investigation. decreased to zero in about 10 vs. An arc discharg-

ing at the minimum electrode separation point is
The flow of air is from left to right in all seen in Figure 2(a) along with fringes generated

photographs. As discuassed earlier, the flow during the time of exposure. Also shown in the far
approachee the electrodes as a unif orm stream right of the picture is a region of lower gae den-
discharging from a 2-inch diameter pipe about two sity due to a previous arc. This region appears
inches from the electrodes. The electrode and air somewhat faded due to a decrease in the background
strenm are located in a lerge room, and hecause of lighting toward the right of the photos. The
this. the pressure is sasentially constant sequence of photos 2(b) through 2(f) shows a general
throughout the interelectrode region, flattening of the affected region as it nves out of

the pp. Also evident is a general elongation of
The inflinite frie method of utilizing the the effected region, with the upstream edge moving

interfermeter is illustrated tn all figures. With to the right such slower than the downstream edge.
this method, the undisturbed flow field appears as a It should be sentioned here that the apparent veloc-
region of uniform intessicy on the photographs. The ity of the affected region ts due to a combination
presence of a density variation within the tet sec- of heat transfer and fluid notion. The general ten-
cion results in a variation of the index of refrac- dency is for the fringe pattern to maintain its
tion in that region and a local change of velocity shape as it progresses out of the gap. at least for
for the Light peaeing through. This light is recoi- a distance of one to two gap spacings. This would
bloed with the light passing through the reference seam to indicate a laminar flow pattern in this
section at the second splitter plate, and a series region. Beyond this distance the flow separates
of interference fringes are formed. Photographs of from the electrodes, and the upper and lower por-
these fringe patterns convey infotation about the tione of the heated region are caught in a relati-
integral of the density variation along the optical vely low velocity recirculation region behind both
axis of the test section. For this particular the upper and lower electrodes. This gives rise to
application, the density disturbance is three- the long -taels- evident in the heated gas from the
dimnsnioal in nature, and these single-view ph- previous arc.
tographe can ot be directly interpreted to yield
local density within the disturbed regions. They Figure 3 presents results for the same con-
can, heev r, be used to infer the general extent of ditions as those for Figure 2, except that the capac-
the affected region amd its vstion. It is these itance of the discharge capacitor me Lcreased to
general characteristica that ae being described at 0.32 0?. The breakdown voltage us also essentially
this time. Wetk is presently underwsy to improve the same (- 12.5 W?). This resulted in an overdamped
the quantitative capabilities of the interfeeroster arc current weveforn peaking at approximately 450 A
as applied to this situation, and decreasing to sero in about 20 ms. A different
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(a) C.(a)

(b) (b)

(d) (d)

fIgure 2. Intorferograme for Low Jet Velocity Figure 3. loterferogram for Low Jet Veloeity
C- ft/8) anW Small Capacitor C.0.01 uf). 5- ft/s) and Large Capacitor (-0.32 uF).
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camera setup was used for them* photos resulting in
a slightly larger magnification and & somewhat if-
ferent region of the flow field covered in the pho-
toe. The photo* in figure 3 are somewhat out of
focu and this results in a slight optical distor-
tion of the electrode shape. A such slower arc
repetition rate wee used in Figure 3. Because of (a)
this, heated as from the previous arc does not
appear in this sequence.

A comparison of Figures 2 and 3 shows the effect
of the energy of the arc discharge on the density
distribution within the electrode region during
single-shot operation. Apparent in the figures is
the difference in the size of the region affected by
the discharge. for the smaller discharge, the I
heated region is primarily confined to the central
region between the electrodes with only a small por- (b)
tion in contact with the upper electrode. As
expected, the higher energy discharge results in a
much larger affected area with a such larger contact
area between the affected region and the electrodes.
This larger contact area emphasizes the importance
of the electrodes in the overall problem of cooling
the interelectrode region.

Figure 4 presents a sequence of photos
illustrating the phenomena to be avotded in rep-
rated operation of a spark gap, that is, restrike. (c)
The overall conditions for these photos are the sae
as In Figure 2. In fact, these photos came from the
same roll of film. Again, an arc discharging at the
minimum electrode spacing tos son in the left por-

tion of Figure 4(a) along with a region of lower
density from a previous arc in the right portion.
Figures 3(b) and 3(c) show the heated region moving
downstream, and in Figure 3(d) a restrike is seen to
occur through the heated region as opposed to
occurring at the minima electrode separation
distance. Figures 3(c) and 3(f) show the heated (d)
region from the initial arc and the restrike con-
tinuing to be moved from the interelectrode space.

Comparing Figures 2 and 4, one can see that the
general shape of the region heated by the initial
arc is essentially the sane in both cases. Rowever,
comparing photos (c) and (d) of each sequence, it
appears that an additional half-fringe is present in
Figure 4. This would seen to indicate that the
heated region in figure 4 is slightly hotter, and
this may account for the restrike observed in this (a)
sequence.

Figure 5 shows the result of increasing the I
approach velocity to approximately 22 ft/s. The
small capacitor was again used, but the gap spacing
was reduced to 0.1 in., resulting in a lower break-
down voltage (- 10 ktT) and consequently lower energy
release in the arc. figure 5(a) shows the affected
area immdiately after the arc discharge and Figures
5(b) through 5(f) show the movement of the heated
ear out of the interelectrode region. The rate at (f)
which the heated region moves out of the Sap is
noticeably higher for this case. for the situations
shown in Figures 2, 3 and 4. the upstream edge of
the heated region moves to the right at approximately
6 ft/s, Aile the downstream edge moves at about
16 ft/s. With the higher jet velocity, Figure 5, the
upetream edge exits the gap region at about 19 ft/s
while the downstream edge moves at about 28 ft/s.
These velocities give indications of the movement of
the central portion of the heated region. Rovever,
as is evident in Figure 5, the region near the rigure 4. Tnterferograms Showing Restrike for
electrodes stays relatively hot eve after the core Tow Jet Velocity (5 5 ft/s) and Small Capacitor
region is cooled. This ts a result of the much (- 0.01 'f).
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tower velocities in the boundary layer near each
electrode. Work is currently being done to investi-
gate the possibility of visualizing restrikes for
these higher velocities.

aeronclusions

interferometer was used to visualize the
density distribution in a gas blown spark gap of
simple geometry. The interferograme obtained
clearly show the effects of the heating of the gas
by the arc and the flushing of this heated region by
the purging gas. The effects of the magnitude of
the blowing velocity, of the characteristics of the
arc, nd of the hydrodynasic boundary layers on the
electrodes can be seen. Similar qualitative results
could be readily obtained for more practical gap

(b) designs provided that light can be passed through
the gap region. Work is continuing on this tech-
nique to provide quantitative as well as additional
qualitative information for the study of the fluid
mechanics and heat transfer aspects of gas blown
spark gaps.
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SPARK-GAP SWITCHES ILLUMINATrLD BY KrF LASER
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Faculty of Science and Technology, Kaio University

3-14-1, uLyoshi, Kohoku-ku, Yokohama-shi, 223, Japan

Sunmary resistor. The LTSG works as an output switch. The
electrodes of the spark gap are a pair of half-sphere

KrF (248 ne) laser triggered spark gaps with UV (25-Ms diameter) brass electrodes. The gap spacing isoptical fibers to transmit the laser beans have boon 2 am. The optical fiber in coupled to th center ofdeveloped. When it was illuminated by a unfocused Kr? the electrode (anode), the end of which is placed 1 -

laser beam through an optical fiber, it could operate behind the electrode surface. The optical fiber is a
at V/Vs of 901 with less than 5 nsec jitter for commercially available step-index-type, whose core is
switching an SF6-gas-insulated spark gap (V; triggered made of fused quartz (n1.l.45) of I-mw diameter and its
voltage, VB; self-breakdown voltage). This technique clad is silicon (n2-1.02) of 1.25-mn diameter. The Kr?
is found promising for nanosecond synchronization of a laser oscillator was driven by glumlein pulse forming
system consisting of many pulse power modules, lines. A typical laser pulse is 18 nsec FU with an

energy of 40 mJ and a beam cross-section of 2-on height
x 0.3-cm width. This laser output was focused onto the

Introduction one end of the optical fiber by a Car2 lens (f-6.0 cm).

We adjusted the intensity on the end of the fiber by
Laser triggered spark gap (LTSG)(I] has been changing the distance between the eand surface and the

studied as the highly reliable switch in pulse power focal point.
technology, because it can operate in short switching Prior to the experiment, Kr? laser transmission
time with low jitter and hardly operates erroneously characteristics through the optical fiber was
by electrical noise. In the early works, only high- measured. The detailed results will be published
power lasers in excess of tens of megawatt were used to elsewhere. The loss of the optical fiber was
produce metal plasma on the electrode surface. dependent on the focused laser power and was measured
Therefore, the used lasers were limited to high-power to be 2 dB/m when the end of the fiber was illuminated
lasers in the infrared and visible spectral regions, by an intensity of 100 NI/cm

2
. The 2-a long optical

However, it is recently reported that a gas-insulated fiber was used experimentally. The voltage waveform
spark-gap can operate with subnanosecond jitter when on the dumry load was monitored by a voltage monitor.
triggered with UV lasers of as low as several milijoule The laser pulse waveform was detected by a biplantar
energy L2] (3]. UV raregas halide excimer lasers are phototube. Both signals were displayed on a Tektronix
used in some experiments since insulating gases such as 7844 dual-beam oscilloscope. The time jitter and delay
SF6 can be ionized easily by :wo or three photon were measured by averaging every 10 shots.
absorption pvocesses in the EN spectral region.
Conventional LTSGs have structural limitations on the
extension of the applications, because the laser beam esults and Discussion
propagates through the air and they must use many
optical components. Therefore, it would be satisfac- vl Fig. 2, the time history of a tyicel ucphergintory for the use as a switch in a single module. This voltage on the C2 capacitor is shown by the upper trace
tory fo tentias capab e of triggering multi- (a), while the trigger laser pulse and the voltage wave-scheme is potentially capableoftrform on the 2.5-Q dummy load are also show by the
modules of pulse power machines in low jitter timing. lower trace (b). In Fig. 2(a), delay time is here-
If many optical components are replaced with UV after deaoed as th time delayw te ie r e
optical fibers for simplicity, UV-LTSGs are usable for after defined as the time delay beten the rise of the
multimodule system at least in terms of laser engineer- laser pulse and the rise of the voltage on the resistive
ing. For the first time we would like to report the dShown in Pig. 3 i the dependence of the delay time
fundamental work on the SF6-gas-insulated spark gap Si the dependenceho te dela ime
suitches illuminated by KrF laser (248nm) through UV On the value of V/V at which the laser trigger is done.
optical fibers. The LTSG with optical fibers can Here, the illuminated intensity at the exit end of the

eliminate the alignment of the laser beam into spark optical fiber is 2 oMfc2 . As an be seen in Fig. 3,
gaps and the environantal problem, and can be easily the laser trier ji effectve at he value Of V/Vs

coupled to many swithes without beam splitters. This 70, and the time jitter of less then S nsec is obtained
type of spark gap switch was found to be promising for at V/VB3 90%. Under this condition the time delay is

triggering multimodules of pulse power machines in low 20 nsec and the velocity of the streamer foration is
estimated to be 10

7
cm/sec.jitter timing. Figure 4 shows the delay time dependence on the

illuminated intensity at V/V3. 90%. It is seen that
Exr~erment the delay time is strongly dependent on the illuminated

The experimental arrangement is intensity. This would be attributable to the initial
schematically shown in Fig. e. The electrical circuit electron number density produced by the laser photons.
iscmatlyowninFig.1.Theelectrica circuit fromin conclusion, we have developed for the first tims
is a capacitor-transfer-type circuit from Cl to C2. the LTSG with UV optical fibers. It operated in S-nsec
The C1 is an 80-n? capacitor, and the C2 is a 30-n? tiejte hntigrd ihaKlsrplea
capacitor consisting of eleven 2.7-nF BaTiO3 -series time oitter when trigerd d with a K laser pule at

ceramic capacitors. The charging time is about 180 90% of the **lf-breakdown voltag fag an SF6-g -
nsec. As a dumny load we used a 2.5-i copper sulfate insulated spark gap. The illuminated Kr? laser C248 a)
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UV RADIATION TRIGGERED RAIL-GAP SWITCHES
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Summary Experimental

UV radiation from either an excimer The rail-gap test facility is shown in
laser or a corona discharge has been used to Fig. 1. It consisted of a three-element
initiate sub-nanosecond jitter, multichannel distilled water dielectric pulse forming line
breakdown in a gas insulated rail-gap (PFL) which was pulse charged in a few us
consisting of two uniform field electrodes, from a Marx bank primary energy source. The

two way energy transit time of the line was
Introduction -50 ns and a line impedance of 1 Q was

employed. The PFL was connected to a gas
Numerous low inductance devices are insulated rail-gap switch. A short section of

capable of switching high voltages from low transmission line connected the switch to a
impedance pulse forming lines (PFL) to low matched CuSO4 resistive dummy load. A
impedance loads. These include: the dc- secondary line was employed in order to
triggered surface spark-gap,! which is still simulate a test facility that had previously
under development and may prove 4seful as a been used with a realistic (in tially high
low repetition rate. high charge transfer impedance) excimer laser load. The extension
switch;magnetic switches, 2 which on the basis of the line after the switch was necessary to
of preliminary results, appear promising for improve the switch performance to a level
specific high repetition rate applications obtained with resistive dummy loads. The
although to assess their full capability, voltages on the PFL and resistive load were
more information is needed on switch dissi- measured using a fast risetime (1 ns) high
pation, switching speed and the general voltage probe-CuSO4 resistive divider
scalability of these devices; and rail-gap combination. A pair of low inductance current
switches, which over the years have provided viewing resistors were incorporated into one
a versatile and scal ble approach to switch- of the ground returns of the dummy load to
ing high voltages. 3o Recently such switches measure the current.
have received considerable attention due to
their important role in the development of
high output energy, long optical pulse
duration excimer lasers. 9 , 0  In the past,
rail-gap switches have been triggered using
three-electrode, field distortion tech-
niques3-

6 
and have been successfully employed

in low repetition rate, high charge transfer
switch appligations. 3 More recently coherent CuSO4 Resistive Load
uv radiation ,T from an excimer laser and
incoherent uv radiation from a corona
discharge0 have been used as trigger sources. -'- r Secondary Transmission

Line

The first laser-triggered rail-gap 
Cron -- --- Li

experiments demonstrated that only a few Triger Gas Insulated
millijoules of unfocussed Kr? laser radiation Rail-Gap Switch
was required to produce multichannel break-
down in an edge-plane rail-gap.7  The tech- Quartz - -

niqu was extended to uniform field electrode Window
gapsg by using Ar gas together with a few ppm -- GrounPlata PFL
of gas additive (fluorobenzene), selected to
produce efficient two-photon ionization at
the KrF laser wavelength (248 nm). Although
this approach was very successful at pro- - ChaodCondutor
ducing multichanneling, the use of an Ar- - - of P L
additive gas mix resulted in a low switch
voltage hold-off and substantial switch
dissipation. D---istilled WaterDielectric

This paper describes recent important --
developments in laser triggering of uniform
field electrode rail-gaps which permit -Plexiglass Tank
subnanosecond jitter, multichannel switch
breakdown with good voltage hold-off and - -

switch dissipation. This paper also des-
cribes the use of a simple corona trigger
source, which when appropriately designed to
incorporate some of the important features
of laser triggering, results in similar low Fig. 1 Schematic of the uv-radiation
Jitter, multichannel switch performance. triggered rail-gap test facility.

113

CHI7S-/82/0000.0113S0.75 0 12 IEEE



The rail-gap switch (Fig. 2) consisted of gas imDurities which cc-il uniergc poto-
of two 3 cm diameter, 50 cm active length ionization at the laser wavelength. A few
brass electrodes which were mounted in a parts per million ;f a gas additive, -
perspex housing at a gap separation of either fluorobenzene) was therefzre added to t..e zas
0.7 or 1i cm. Calculated values of the mix to ensure a sufficient quantity :f easily
electrode field enhancement factors

ll 
are ionized molecules for the duration sf eacn

sufficiently low (1.0-1.3) for the electrodes experiment.

to be considered essentially uniform field.
Experiments using different electrode profiles The laser trigger source consisted of a
indicated that improved switch performance 10 ns duration (FWHM) uv pulse produced by a
resulted when the field enhancement factor of KrF (248 nm) excimer laser. The laser
the positive polarity electrode (f - 1.3) was utilized unstable resonator optics to permit
somewhat greater than that of the negative the propagation of the laser beam
electrode (f - 1.1). The switch gas mix and 2
pressure were chosen so that breakdown only (I x 0.5 cm ) for many metres without

occurred in the presence of the laser trigger significantly altering the beam profile.

pulse. This mode of operation ensured a low Calibrated uv attenuators and apertures were

probability of switch prefire and permitted used to vary the KrF energy and spatial

maximum energy transfer from the primary distribution -.t the entrance to the switch.

energy storage source to the PFL. The degree
of switch overpressure was typically 10-30% Fig. 3 shows the time dependence of the

with a somewhat narrower range for optimized voltage on tht PFL. At a time (T) corres-

multichannel breakdown. The gas mix was ponding to the crest of the charging cycle

chosen on the following basis. Excellent the laser beam was directed through a quartz

multichannel switching was possible with pure window %nd down the rail-gap axis to initiate

Ar; however, a 50% N2 , 50% Ar gas mix multichannel breakdown.

increased the breakdown voltage of the switch
without substantially reducing the multi-
channeling. Approximately 1% SF 6 was added
to this mix in order to stabilize the break-
down threshold on a shot to shot basis. For >

static gas fills of the switch, the perfor-
mance deteriorated as a function of the number |
of shots. This was attributed to a depletion s0

S60-

~40

0-20II \I

I tilc i

0\

- 0.0 0.8 16 T 24 3.2 4.0 48

TIME-MICROSECONOS

Fig. 3 Typical charging voltage on the PFL.

Results and Discussion

Laser Triagering Experiments

Fig. 4 shows the dependence of the
number of visible channels in the switch as a

(b) function of the KrF energy. For KrF energies

< 1 mJ the number of channels increases with
laser energy, however for energies Z 1 mJ the

+. switch performance is essentially independent
of the laser energy. These data indicate
that reliable triggering, .,.ch is insensitive
to large variations in laser energy, should

be possible using even the smallest commer-
Fig. 2 Laser-triggered rail-gap switch. cially available excimer la-e-s.
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Alternatively this data also implies that an
average sized (100-200 mJ) commercial KrF
laser should be capable of simultaneously
triggering -10 such rail-gaps

80

0 d . At4" m -ne 0.1 o la
-Pulse Ourelse - 1I.

:30-

20. 40

E

a o62  lo- loo00
KrF Input Enorgy-mJ

Fig. 4 Switch performance as a function of 0 1 1 i

the laser energy into the sw :h. .6 -0.8 0 +0.8 +1.6
TIME OF INJECTION-ls

Fig. 6 Time delay as a function of the laser

pulse injection time.

AFig. 6 shows the dependence of the time

0- dt'l.4cm delay measured from the peak of the laser
pulse to the start of switch breakdown (10%

0risetime of the current pulse in the dummy
1 -load) as a function of the time of injection

40 + of the laser pulse about the time (T) (def-
ined in Fig. 3). The measured standard

Ca deviation jitter in the time delay (at time
(T)) is only -250 ps. Furthermore, the small

Zvariations in the time delay for rather large

changes in the injection time ensure that
even poor syncronization (1 30 ns) of the

+laser pulse to the peak of the PFL voltage
Dwaveform can result in nanosecond jitter

O0 | I between the aser pulse and switch breakdown.

0 2 4 6 a 1o
KrF Beam Height-mm Table I outlines some typical performance

characteristics of the laser triggered rail-
Fig. 5 Switch performance as a function of gap. Two gap separations (0.7 cm and 1.4 cm)

the spatial distribution of the KrF were tested over a voltage range of 30-100 kV.
laser.

Table I

Typical Performance Characteristics of
the Laser Triggered Uniform Field Electrode
Rail-Gap

Fig. 5 illustrates one of the most
important and interesting features of this Breakdown

5 
E/4 L0 kV/cm-atm

triggering technique. One observes optimum
multichanneling when the laser beam irradi- Channels/metre 50-70
ates a narrow region (2 x 2 mm

2
) close to but d 102

not necessaril:" touching the positive polarity /dt) Load 13 X 2As
electrode. When the laser beam is moved away
from the positive electrode or if the aper- rime Delay Jitter -250 ps
ture height is increased to permit greater
irradiation of the interelectrode gap, the Switch Losses -15%
switch performance drops significantly. This
rather dramatic ibservation requires further I Switch Prefire < I%
study since it mey provide some fundamental
information on the development orf multiple Obtained for a 1% SF6 , 0 l'9% Ar gas
arc discharges. mix.
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As expected the voltage hold-off for a fixed described in this paper is unique in the
gas pressure (1.5 atm) and standard gas mix following ways:
scales linearly with the electrode separation.
Experiments with the 3.7 cm gap demonstrated - the switch electrodes are of uniform field

that the voltage hold-off also scales geometry.
linearly with gas pressure in the 1.5 to 3
atm range tested. - the uv radiation is confined to a region

near the positive polarity electrode.

The switch speed as measured by ( dI/dt)L - nanosecond or better jitter and high voltage
is presently limited by the rather high self- hold-off switch operation is demonstrated.
inductance of the rail-gap (-10 nff) and
improvements in this value are anticipated
with a more compact switch design. A rough Schematic diagrams of the corona trigger
estimate of the switch dissipation was assembly are shown in Fig. 7. The coronaobtained by com aring the stored energy on
taebL c t discharge source was formed as a capacitive

the PF /2 CV ) with the integrated current element from two -55 cm long copper strips,
and voltage waveforms on the resistive dummy which were offset from one another along
load. This loss amounts to -15%. their width and which sandwiched a thin

(0.37 mm) sheet of mylar. A 500 pf capacitor
was dc charged to 10 kV then rapidly dis-
charged through a spark-gap to produce a fast
burst (Sns FWHM) of uv radiation, originating
from a glow discharge at the copper-mylar

Corona Triggering Experiments interface. The total energy stored in the
500 pf capacitor was -25 mJ. A -i cm dis-

The above results suggest that laser meter glass tube with a 1 mm slot (Fig. 7
triggering should provide a powerful and eleg- (c)) served to produce a narrow beam of uv
ant means of simultaneously triggering more radiation. It was determined that the beam
than one rail-gap; however, to trigger a width at the positive polarity electrode was
single rail-gap switch, it would be advanta- -3 mm.
geous to avoid the complexity of requiring
even a small laser. Therefore, a simple and The experiments were performed with an
inexpensive trigger source was sought which electrode gap separation of i.L zm and with a
would be the incoherent uv radiation analogue 1.5 atm pressure standard gas mix. The
to laser triggering. in particular the voltage hold-off capability of the switch was
source should produce a short duration -T5 kV. Since the corona trigger assembly
(< 10 ns) pulse of very uniform uv radiation did not prevent the use of laser triggering
that can be formed into a narrow beam to it was possible to obtain a direct comparison
irradiate a positive polarity electrode. A of the two techniques on consecutive shots.
trigger source based upon a corona discharge
was designed to satisfy thgse requirements. When the coc'a trigger assembly was
Although corona triggering has recently been first inserted into the switch but not fired
used to trigger a rail-gap with a jitter it was noted that the laser triggered switch
< 20 ns the corona triggered rail-gap performance was poorer than that obtained

without the presence of the assembly. This
behaviour was believed to be the result of
uncontrolled corona emission at the glass
tube and/or at the copper-mylar interface
which occurred during the charging cycle.
Such uncontrolled emission of uv radiation

MJVDPLAMEa

DCC

-.- 4IiI K lss Iv:, :t Ilog:

SOURCE UY RA --'hOO P1"_

the voltage across a matched 1 .Q

Fig. 7 Corona trigger assembly. PTL charged to 75 kV.
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was :ounterpro iuc:'.e to moo u uloiorannel :onclusions
srornance .nhe olaement -f the :Drina-
rizer ensemble s f:-r as psibe away from The tecnnique :f laser triggering has
-n? stressed eectr- i ani a tle sane ttme seen asi to initiate multichannel, sub-

a w'ng he ocncer ee'troies to fltat at nanosecono Zitter breakdown in a rail-gap
-he mii-plane notenial g 7 a during onsisting of two uniform field electrodes.
e harzing 'y mr tr ve: one laser Simi.ar switch performance was demonstrated

vel obtained sing a simple and inexpe:sive triggering
witu the on er-:n -fie Drona trlner mechanism based upon incoherent uv radiation
ensemble. -s night be expected such steps generated in a corona discharge. The key
ais-- resulted in a s3:nifizant 0mpr vement in experimental oonzsierations which when
the Dr-na trizgerin Ferarmance ani when tacen togetner, cermitted such successful
he -crona dinscharge was 'nt-ate: at toe triggering were:
,res- a' the charg'n ' the foilwing
- :servations were made: - the use of an overpressured mode of switch

operation, which prevented breakdown in
- Multichanne: (-25,'m switch break4dwn the absence of a trigger pulse.

occurred only when the cDrona ..o .arce
fired. the use of a short duration pulse of

spatially uniform uv radiation timed to
- :ime delays and .itters as well as th ocour at or near the crest of the PFL

voltage <Fig. anJ current wvveftrm: voltage.
measured on the rosistive load were similar
to that obtained with laser -riagerinz. - the use of a l,, SF6, 5 4;2, 19% Ar gas mix,

wnioh promoted multichannel operation.

sowever the number 0f 2nannels as well - te control of the uw illuminaion to a
as tne operatirg gas pressure range were region near the positive polarity electrode.
lower than that obser'ved with laser tregger-
ing ?rovided one can mae an analogy bet- rhe low values for the switch Jitter
wee. laser and corona triegerine tnen the and the relative ease in producing multiple
lata shown in Fig. o imrloes that the reduced lasei beams makes laser triggering an
oerf:rmance is probably the result of attractiv- technique for simultaneously
insuient uv illumina'on. upprting triggering many rail-gaps. On the other
coo sence 'or this cononsoon ws obtained hand, the simplicity of a corona triggering
from an experiment in wnixn tne glass tube aproach makes it useful for triggering
slr width (Fig. 7 ' was reduced from individual rail-gaps. Both approaches
1.2 to 3.5 mm. According to the data shown incorporate uniform field electrodes, a
on Fig. 5 a narrower uv beam should improve feature whion should be conducive to long
tne switch performance; however, the number switch lifetime. Furthermore since both
:5 cnannels actually decreased consistent trigger mechanisms are capable of high
with the insuffoien uv radiation hypothesis. repetition rates, the uv radiation triggered
Since the pres, corona trigger design is rail-gap switcn is a possible candidate for
far from being cimized it should be a high average power switching applications.
relatively straightforward matter to
increase the intensity of the source and
improve the switch multichanneling.
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FUNDAMENTAL PROCESSES IN HYDROGEN THYRATRONS
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the tube operates essentially on 
the low

Abstra p-d or left-hand side of the hydrogen
Paschen curve. The small grid-anode

The results of a study of electron spacing is thus used to achieve higher
excitation processes in hydrogen stand off voltage, and this also reduces
thyratrons are reported. Using the recovery time.
spectroscopic methods with extremely
good spatial and temporal resolution the This paper reports a spectroscopic
electron energy and density in the study of emission from commercially
device during its normal operation are available glass enclosed hydrogen
measured. These data are applied to thyratrons, and includes observation of
study the molecular excitation processes the formation of various excited atomic
in the device. A theory of thyratron and molecular species. Electron
operation based on these fundamental densities during conduction were
mechanisms is being developed to measured frp, tark-broadened Balmer
describe the steady-state phase. linewidths. Average electron

energy htq,,been measured and
Electron densities above 1013 cm- 3  studied. I'  Temporally resolved

were measured from Stark broadening of studies of the breakdown of the
hydrogen Balmer emission. Current different regions of the thyratron tube
density and arcing as a function of (the grid-cathode region and the grid-
electron density were observed. Average anode reyson) as a function of applied
electron energies in the grid-anode and voltage.''
grid-cathode regions during the steady-
state conduction phase were observed to
be uniform. Evidence is presented
suggesting lower values for average Fluorescence data were obtained
electron energies than previously from hydrogen thyratrons (ITT 5C22 and
reported, and mechanisms for this are ITT Kuthe 5949) at variable repetition
discussed. Data is presented pertaining rates. Fluorescence was collected by a
to the relative roles of single and lens (f=7.5 cm), and focused on to the
multi-step excitation processes, slit of a 3/4 meter spectrometer (Spex

1400) by a second lens (f-15 cm). The
IntrodMrtinn experimental arrangement of spectroscopic

studies is similar to that described in
To develop a switch with more reference 6. The light intensity is

desirable characteristics, including measured by a photomultiplier (RCA
higher repetition rate, pulsed current, C31034) which is thermoelectrically
rate of rise of current and stand-off cooled to -300 C to reduce dark noise to
voltage, a deeper understanding of the a few pico-amperes. The photomultiplier
nature of the fundamental processes output was fed into a fast transient
taking place in the discharge medium is digitizer (Tektronix 7912AD) for time
needed. Although the physi qq the resolved detection or into a
thyratron has been studied, A- J electrometer (Keithley 610 BR) when
important processes taking place in the measuring time averaged intensities. A
discharge medium, such as those movable aperture placed in front of the
involving the excited atomic and tube was used to select the spatial
molecular species, details of energy region from which light is collected.
transfer processes involving excited The current in the tubes was varied from
species, the electron energy about 10 amperes to greater than 500
distribution function, and the roles of amperes and was monitored using a wide
excited molecular and atomic species in band pulse current transformer (Pearson
the formation of atomic and molecular Electronics). Other data were obtained
ions are generally not understood, using standard methods as indicated.

The hydrogen thyratron is
characterized by several features. The
pressure of the gas in a hydrogen In order to investigate the
thyratron is usual R maiitained around possibility that an atomic or molecular
500 microns (-2x10 cm- ). The grid species plays a role in recovery the
anode spacing is usually small so that
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time delay between the application of a Bekefi (4) has plotted the variation of
voltage pulse to the grid of the tube the electron densities in a plasma as a
and breakdown in grid cathode space was function of the Stark broadened Balmermeasured as a function of time between linewidths, from which we obtain the
pulses. This was done both in the electron densities in our thyratrons at
presence and in the absence of an different currents. The electron
applied anode voltage. It was observed density thus obtained rapes i value
that for a given anode voltage, the from 3x10 I cm- J to 2x1041 cm-
anode region breakdown is delayed
relative to the breakdown of the grid At high repetition rates the
region. The time delay is seen to behavior of the tube becomes erratic,
decrease with increasing repetition and the tube starts arcing,
rate. At a given repetition rate, the characterized by a sharp increase of the
delay also decreases with increasing current at localized spots inside the
grid voltage. The normal operation of tube. The color of the discharge during
the 5949 tube was limited to a pulse the arc was the same as that of the
repetition rate of about 100 Hz with the positive column of the glow discharge.
anode voltage at its highest allowed The transient nature of the arc
value (20 kV). In the absence of the prevented the measurement of the
anode voltage, (for observation in the electron density during the arc by
grid cathode region) the frequency could measurement of Stark broadened
be increased to 5kHz, above which the linewidth, but it may be anticifed
behavior of the tube becomes erratic, that it is considerably higher. A
By comparing these data with hydrogen molecular emission spectrum obtained
Balmer emission intensity, it was during the discharge, showing the3observed that the ratios of the formation of excited metastable c
intensities of the various Balmer lines state is shown in figure 2 of reference
remain constant throughout the 6.
conduction period, suggesting a near-
equilibrium condition exists for the In reference 1 the decay of the
electron energy distribution function plasma by ambipolar diffusion to the
during the steady state phase. walls and electrodes and subsequent

recombination has been considered, and
In hydrogen the region of negative time constants for these processes

glow is a pale bluish color whereas the estimated. The repetition rate
positive column is pink. Under normal limitations at high current suggest that
operation only the region very near the other mechanisms also contribute to the
thyratron cathode has the characteristic decay of conductivity. FWm time
blue color of the negative glow. In the resolved Balmer emission 'it may be
remaining part of the tube, both in the noted that the upper Balmer state takes
anode-grid and in the grid-baffle-grid several hundreds of nanoseconds to
region, the discharge is pink in color, decay, although the radiative lifetime
indicating that the positive column, is much less. The observation of the
e.g. the region of electrical atomic and molecular spectra suggest
neutrality, extends on both sides of the that the creation of the excited species
grid. This observation suggests that during conduction is important, and that
the cathode double sheath is ordinarily the role of the long lived excited
not in the vicinity of the grid. A neutrals in increasing the decay time of
double sheath in the anode region was the plasma is therefore worthnot observed under normal operation, investigating. The excited molecular
The measurement of the ratio of the states are the fJI.f Source of negative
intensities of three Balmer lines from ion production, e, and the negative
the different regions of the tube during ions affect the plasma conductivity as
the conduction period also supports this well as provide a source of free
conclusion. The spectral broadening of electrons on decaying.
the Balmer line at 4861A at three
different currents was also measured. RQUAU A ZaU. kh I"= Zan=
The instrumental and Balmer line DistrL±ut.±fl Z a kinn
profiles were assumed to be Lorentzian
in shape and the actual value of the The degree of ionization s
Balmer linewidth was obtained by relatively large, and for electron
subtracting the instrumental linewidth average energies of order 1 eV, the e-e
from the measured width of the line. collision frequency will be larger than
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all other elastic and in astic collisions such as rotational and

collisional frequencies.'
0' The amount vibrational molecular hydrogen

of energy transferred during e-e excitation should not produce a

collisions (energy loss factor) is on significant departure of the electron

average much larger than for electron- distribution function from a Maxwellian
heavy particle collisions. This form. Thus, the assumption of Maxwell

suggests that the electron distribution distribution function for estimation of

function will be near 8aiwellian if the electron temperature and drift velocityinfluence of inelastic collisions and from plasma transport equations seems to
inflne of i el st c s ll i s abe appropriate. However, it should be

the plasma field is small, remembered that this assumption should

The inelastic electron-neutral (e- be used very carefully for the

n) processes that have considerable estimation of rates with large threshold

cross sections in the energy range energies (for example, electronic

mentioned above are rotational and excitation or ionization).

vibrational excitation of the hydrogen I is noteworthy that the two
molecule by electron impact. The is noceortatitneltwn
rotational excitation energy thresholds inelastic processes (rotational and

are the order 0.01 eV and the vibrational excitation) the vibrational
appropriate threshold for vibrational excitation seems to be more important
excitation is 0.52 @V. The threshold than the rotational excitations, despiteexciatin is0.5 *V.Thethe fact that the latter has a much

energies for other inelastic processes lower threshold than the former, and

are much larger. The appropriate cross both esco l ale of am

sections for these ineifgtic2 processes both have comparable values of maximum
are of the order of 10 cm and thus cross sections. This results from the

remarkably lower than those for elastic fact that for temperatures of the

e-e and e-n collisions at the impact neutral nsrmal hydrogen being equal toenergy of the order of 1 eV. However, about 800,.K the population of the first

rotational and vibrational excitation of five rotational levels are of the same

molecular hydrogen can produce a large order, and the cross sections for
departure of the electron distribution processes of the first and second kind

tail from its Maxwellian form in weakly- differ little in absolute value. This

ionized plasmas (X < 10-4), but does not is very different in the case of

lower energy range fort of the population of the first vibrationally

distribution function. ) For 1he excited level is about two orders of

plasma considered here (X - 10- ), e-e magnitude lower than the population of

collisions will largely neutralize the the ground state and the appropriate

influence of inelastic collisions, first and second kind process rates

causing a tendency of the electron differ significantly from each other.

distribution to be Maxellian over most The maxima of the 0-1 energies of about

of the energy range. In addition, the 3.5 eV which also supports neglecting

electron thermalization time is more the influence of the inelastic

than two orders of magnitude lower than collisions in the estimation of the

the time of the entire discharge. electron temperature and drift velocity
in our range of electron energy.

An additional factor that can cause However, the average contribution of the

a significant deviation of the electron inelastic processes is taken into

distribution function from a Raxwellian account by using the *effectivew energy

form is a strong plasma field. The loss factor instead of the elastic

measurements cited above suggest that collision loss factor.

the electric field during the steady-
state stage of tiY discharge is of the StBAU an c

order of 10 V ca whereas the electron
temperture in of the order of e eV. The atomic and molecular emission

Assuming these values, the critical from the different regions in glass

plasma field is abp t one order of enclosed hydrogen thyratron tubes have

magnitude smaller.fA This indicates been studied spectroscopically. The

that the plasma field is not strong and formation of excited atomic and

that the influence of collisions on the molecular species have been observed and

plasma behavior should be more important various mechanisms which contribute to

than the electric field. Summarizing long lived ionization processes have

the above discussion, inelastic been discussed. The average electron
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energy during the conduction phase is
estimated to be about 0.5 eV, and the
average electron density to be -10 1. S. Goldberg and J. Rothstein,
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Because of the lifetime of the Balmer vols. I (1953), I (1956), and
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phase. The mechanism for the formation Thyrat:ons for Advanced High Power
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through the long lived excited U-,1 185 (1980).
metastable molecular states.

The purpose of this work is to 4. G. Bekefi, C. Deutsch, and
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A HIGH POWER, TRIPLE GRID THYRATRON
AND ITS TEST CIRCUIT

H. Menown & B. Newton
English Electric Valve Co. Ltd.,

Chelmsford, Essex, U.K.

R. F. Lambiase*
AGS, Brookhaven National Laboratory,

Long Island, New York, USA

Abstract

As part of the polarised proton experi- quadrupole.
ment on the AGS at Brookhaven National Lab-
oratory, a requirement has arisen for a
special thyratron device to switch the pulsed
quadrupole magnets.

The magnet drive-current waveform con- S r'

sists of a series of triangular pulses of
alternate polarity, with amplitude increasing 10 " I
from 400A in the first pulse, to 2.7kA in - _

the last pulse. Pulse rise-time is 2us with
a linear fall to a base line of about 3ms.
Over 3.5 Coulombs are switched in the largest
pulse. The pulse series is repeated every [_A
2.5 seconds leading to an average switch
current approaching 4A.

EEV has designed a special thyratron to Fig. 1. Current Pulse Burst for Quadrupole.
switch this circuit, and built a suitable
test station.

Introduction 5

One of the projects in progress at the
Brookhaven National Laboratory on Long Island,
New York, uses the Alternating Gradient POWsciY €1
Synchrotron to accelerate polarised protons -

to an energy of about 26 GeV. This work is
being carried out in conjunction with ,. c')
Associated Universities, Inc. 116=t Wpbe -1-- a

cweew 2 0% WLs'-40-4C2 *AXLVM
I . ...I - - - * I I ASSNL

To maintain a high percentage of polari- P " A'JP9L'51 .---

sation during the acceleration cycle it is .
necessary to pass as quickly as possible P t
through the intrinsic resonances caused by ..--
the horizontal components of the alternating
gradient fields of the AGS. Twelve pulsed
quadrupoles will be used to jump these
intrinsic resonances (1) Fig. 2. Mirror Image Supply for Supplying

Opposite Polarity Pulses.
The eight pulses required to energise

these quadrupoles are of triangular form and Circuit Analysis and
alternating polarity with amplitudes rising Experimental Procedure
from 400A to 2.7kA. A burst of pulses is
generated once every 2.5 seconds. Figure 1 For test purposes EEV has built a simp-
shows this pulse sequence. The circuit lified version of this circuit which produces
levised at Brookhaven National Laboratory for six pulses of equal amplitude , three posi-

?roducing the alternating polarity pulses is tive interlaced with three negative, into a
shown in Figure 2. It consists of two simi- 6uH inductor which simulates the quadrupole
lar sub-circuits feeding current into the (Figure 3).
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so that the overall cui.rent waveform in
L3 is triangular with an amplitude of
2.5kA.

0-17kV 0-17kV &,, 3off Zkfi

". •. , Since the rate of fall of current in L2
and L3 is constant the base width of the

-- V2 V3 V& * -. . 0-Ve pulse is proportional to its initial ampli-
L 01 . * -02 tude. This means that a different value for
-. 14 .. .. -4"-- •" -L2 must be used for each different pulse

3 o =p = I amplitude if the base width is to be kept
constant. The EEV test circuit has two val-

IA2 ues of L2 which are connected into the cir-

y! t CX- ¢ cuit as required for high current and low
.1 to 16S8K7703 current tests.
01 02.4ot CXISSI n Parllel
L1 & 2 Mp O for 2,SkA Ifel

o .mNifr 2-WA lot) Figure 4 shows an oscillogram of the
U.lyliuk s qumJupoil| pulse this circuit produces. Both thyratrons

in eacn half of these circuits conduct
throughout the duration of the pulse they
switch so that at the maximum level the

Fig. 3. EEV Test Circuit. charge conducted per pulse is approximately
4.0 Coulombs. The average current at the

Each positive 2.5kA pulse is generated burst rate of 3 pulses every 2.5secs is
as follows:- thus 4.8A, somewhat higher than the 3.9A

average current expected in service in the
1. The 0.25uF capacitor between V3 and Brookhaven modulators.

V4 is charged to +17kV and the
300uF capacitor connected to the cathode
of ignitron 14 is charged to -3kV.

2. Ignitron 14 is triggered resulting in

the non-grounded end of L2 dropping
to -3kV.

3. Current builds up in L2 with a sinusoi-
dal waveform and the voltage across L2
and the 300uF capacitor falls to zero.
This takes about 550usec.

4. Just after the current maximumt of 2.5kA
the voltage across L2 has passed through
zero and is positive going. When it
reaches about +750V thyratron V3 is
triggered.

5. The 0.25uF capacitor discharges through
L3 in about 2isec. At the moment the
current in U reaches its maximum of
about 2.SkA the voltage across the Fig. 4. Vertical scale 00OA per division
capacitor has dropped to zero so that
V4 now has +750V on its anode with To produce the fast current rise into
respect to its cathode. the 6uH inductor load a voltage of 17kV is

required on each 0.25uF capacitor before the
6. V4 is triggered resulting in the current fisthrroswchstiged. Ate

in L diertng trouh D, V4 V3and first thyratron switch is triggered. At thein L2 diverting through 02, V4, V3 and

L3. moment of switching this voltage rises across
the load in less than 10Onsec and it is also

7. The current in L3 and L2 ramps down to applied across the adjacent thyratron in the
zero in a time of about 3.6 msec. Since opposite sub-circuit as a positive voltage -
the voltage opposing the current is step between anode and cathode. To meet

mostly due to the arc-drops of V3, V4 these rigorous requirements a triple grid
and D2 which vary very little with tube has been developed at EEV (CXl174C).
current the ramp is essentially linear The screen grid is not connected internally

124



to the cathode but brought out to a separate The two triggering grids of the CXl174C
connection so providing the design engineer are driven simultaneously via the circuitry
a whole range of modes of use in a variety of shown. This results in an anode delay time
pulse circuits. In pulse modulator service which is typically 0.12usec at 15kV anode
with pulse widths of no more than 1Ousec it voltage and which only increases by about
is possible to connect the screen direct to O.O2usec as the anode voltage is reduced to
the cathode. With longer pulses this is not 750V. Jitter is less than 5nsec and drift
recommended. is typically lOnsec.

Ideally the screen should be connected Tests on the new tubes show that they
to the cathode using a high value resistor are capable of switching the 2.5kA, 3.6msec
(typically IkQ) which limits the current triangular pulses. Using one half of the
flow to a few'milliamps. It is necessary test circuit two thyratrons have run for
to bypass this resistor with a low inductance 200,000 pulses.
capacitor which acts as a short circuit to
the fast transients. In practice a low
inductance resistor of about 3 ohms has been
used. This limits the screen current to ±1kV
acceptable levels and still allows sufficient ........ V V4
isolation by the screen grid.

.2k .2 '1

01610 6pH1 O.2SpF 6pF

3009F S1 I V Tp

2..FX227 12k Fig. 6. Alternative Test Circuit.
T1-T&Iigh voltage isolatlon pulse tmnsfor w

To meet other requirements, figure 6
shows an alternative circuit which now has
only one 0.25uF capacitor. This forms part
of both the positive and negative fast front

The trigger circuitry for each CX1l74C generators and has to be charged to positiveis shown in Figure 5. A high voltage isola- and negative potentials alternately. Simni-

tion pulse transformer is necessary because

none of the thyratron cathodes is connected larly, instead of two separate high voltageto ground. The design of the transformer power supplies only one is needed but it mustfor V3 needed most care because it is sub- be capable of delivering positive or negative
foreV3eeded moe kst raseiet wheneueoutputs on demand. The two thyratrons V2 andjected to the 17kV fast transient whenever V3 are now connected in inverse parallel and
V2 fires. This causes a pulse of capacitive the effect of triggering either of them is
current between the primary and secondary
electrostatic screens and the connections to simply to collapse the voltage across all the

the latter must ensure that this current other thyratrons.
flow does not couple to the ferrite core and
thereby cause sufficient output on the secon- At EEV the time between successive puls-

dary winding to trigger V3. To keep leakage es in the burst is set at 50msec because this

reactances small, the numbers of turns on is an odd number of half-cycles of the power

the windings were held to a minimum consistent supply frequency of 50Hz. This allows the
with effective triggering. The final design trigger generators and all capacitor charging
has 14 turns on both primary and secondary power supplies to be phase locked to the

and has a ferrite core with no intentional power source whose half cycle time of l0msec

air-gap. This core saturates about 1.5usecs is also used in the system clock pulse
after the start of the pulse and is reset in interval. This considerably simplifies the
the interpulse period by the current flowing overall system design. The proposed alter-
in the primary during recharge of the luF nating polarity supply for the 0.25uF capa-
energy storage capacitor. citor is shown in figure 7. It uses a pair
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of diode-pump circuits whose output diodes Conclusion

are triggered CX1551 thyratrons. In these

tubes the grid 1 is connected to a positive We have developed the CX1174C triple-

dc pre-ionising supply and the grid 2 is grid thyratron for operation in circumstances

negatively biassed to keep the tube in a in which a conventional double grid thyratron

non-conducting state. At the correct time has proved to be unsuitable. The circuit

in the system cycle the required tube is which necessitated the development of this

made conductive by an optically coupled new thyratron and which has been used to

system which connects the grid 2 to the grid test it simulates a circuit to be used at

1 pre-ionising supply. Brookhaven National Laboratory to produce
polarised proton beams.
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INSTANT-START CATHODES FOR HIGH AVERAGE POWER

HYDROGEN THYRATRONS
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Abstract

A dispenser-type cathode has been used in a high
average power hydrogen thyratron. The tube success-
fully cold-starts and runs at an average power of 600 ANOO\
KW in 1-second bursts. It has also cold-started and ANODE
run CW at an average power of 50 KW.

The maximum average power attainable with this m GRADIENTGRID
tube has not yet been determined, but is expected
to be around 1 MW in 120-second bursts.

The cathode consists of a large number of vertical 3 ..
plates of barium aluminate impregnated tungsten, and is CONTROL GRID
4.5 inches in diameter had has a total emitting area of 14'
600 cm2 . AUXILIARY GRID

Auxiliary cathode heater power was required only
for initial activation. As the thyratron was aged, the CATHODEBAFFLE
cathode heater voltage was reduced gradually to zero.
Thereafter, the tube could be restarted with no cathode
heater power, even after being off for 48 hours. (The
hydrogen reservoir Is of the standard titanium hydride
type, and requires auxiliary heater power for opera-
tion.).j_ ,..

In addition to their instant-start capability. .R

lispenser cathodes can sustain several times the
current density of oxide-coated cathodes without
arcing. When arcing finally occurs, it does not destroy
tne dispenser material. It Is therefore possible to
construct compact, ultra-low inductance, high current
cathodes that can sustain severe overloads for extended
periods. Such cathodes are presently being developed
for 2-, 3-, and 4.5-inch diameter thyratrons.

Figure 1. HY-7 Megawatt-Average-Power Thyratron.
Introduction

Most hydrogen thyratrons utilize thermionic surface and forms a monolayer which substantialX
oxide-coated cathodes. These cathodes need to be lowers the surface resistance of the cathode.(45
operated at temperatures above 8001C, and they arc This monolayer enables the initiation of a thyratron
at current densities exceeding 10 to 30 amperes/ cm2 . discharge even after the cathode returns to room
The resulting auxiliary heater power and surface area temperature. Furthermore, the low surface resistance
requirements become onerous when high peak currents are (around 0.1 own-cm 2)permits substantial current densi-
desired. For example, the EG&G megawatt average power ties to be sustained without arcing, thus allowing high
HY-7 thyratron (40 KA peak current) requires over i KW peak -urrents from relatively compact cathodes. We
of cathode heater power. The cathode takes up almost typica ly obtain up to 80 to 100 aqperes/cm2 at room
one-third of the tube volume, and is responslbl; for temperature, and over 200 amperes/cm at a few hundred
much of its inductance (Figure 1). In addition, the degrees Centigrade without arcing. By contrast,
cathode warmup time is almost 20 minutes. oxide-coa~jo cathodes have a surface resistance of 2 to

Clearly significant incentives exist for develop- 10 ohm-cm at room temperature, and arc on almost
ing a compact cathode that can operate without auxil- every shot.
lary heater power. We have been investigating the An additional advantage of dispenser cathodes
use of dispenser-type cathodes for this purpose. Such is that, unlike oxide-coated cathodes, they are not
cathodes have been used in thyratrons by British and degraded or significantly damaged by accidental
Russian workers, and emission current densities of arcing.
30 amperes/cm? have been obtdined from these cathodes In 1979, EG&G developed 2-Inch diameter dispen-
in high-voltage electron guns at Avco-Everett. 1,2,3) ser cathode thyratrons which started repeatedly at room
However, in all these applications the cathodes temperature, and could be run continuously with no
were externally heated to thermionic temperatures. cathode heater power other than that supplied by the

Dispenser cathodes are made from a porous tungsten discharge itself (Figure 2). These tubes operated at
atrix filled with barium aluminate, and sometimes 20 KV, 500 A peak current and 10 KW DC average power.

calcium oxide as well. Emission results from the Their operating characteristics (including anode delay,
chemical formation of free barium at elevated tempera- jitter, and life) were comparable to those of con-
Cures (800 to 1200*C). The barium migrates to the ventional 2-Inch diameter thyratrons. The dispenser
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cathode tubes relied on power from the discharge to
keep the bulk cathode temperature high enough to
maintain activation (that is, the generation of frg CATHODE BAFFLE
barium); hence the term "plasma-heated thyratron."(M)

---2.o* DIA.

CONTROL GRID

AUXILIARY GRID - - DISPENSER
/ PLATES

CATHODE BAFFLE4.4'

HELICAL CATHODE K NICKEL BS

Figt-;e 2. 10 KW Average Power Dispenser Cathode Figure 4. "Plate-Cathode" for 3-Inch Diameter Thyra-
Thyratron. The cathode was a helical coil of trons. The plates are 1 inch x 0.5 inch x 0.1
dispenser material. inch, and are copper brazed to a nickel base. The

cathode baffle acts as a heat shield, and blocks
evaporating nickel and barium.

Subsequent experiments showed that cold-start
capability and significant life could be achieved Table 1. Comparison of 3-Inch Diameter Dispenser and
without having to maintain high bulk cathode tempera- Oxide-Coated Cathode Thyratrons.
tures. For example, the "arch-cathode" tube of Figure
3 repeatedly cold-started and operated for several Oxide Dispenser
hundred hours even though temperature measurements Characteristics Cathode Cathode
(made by measuring the volume resistance of the
cathode) showed that the bulk cathode temperature Cathode Heater Power 100 W Zero
during CW operation never exceeded 400C. Excellent
performance was also obtained well below activation Hydrogen Pressure 450 u 450 it
temperatures with a 3-inch diameter thyratron using the
'plate-cathode* shown in Figure 4; the operating Anode Voltage 25-30 KV 30 KV
characteristics of this tube are compared with those of
its oxide-cathode counterpart in Table 1. Peak Current 1.5-2 KA 1.5 KA

DC Average Current 1.5-2 ADC 2 ADC

Keep-Alive Current 50-200 mA 50 mA

Jitter 2 ns 2 ns

Anode Delay Time 50-100 ns 40 ns

The ability of dispenser cathodes to operate for
long periods at relatively low bulk temperatures

4.4" (surface temperatures may still be high, as discussed
below) is significant because it greatly reduces the
constraints on cathode design and Lhyratron operation

CATHODE that high temperature operation would otherwise have
imposed.

Meanwhile, scaling of the peak current arc limit
with cathode area was confirmed by testing a tube
having an 80-cm2 dispenser cathode. This cathode
consisted of a large number of arch-shaped pieces
(Figure 2), and had an order of magnituae larger area
than any previous dispenser cathode. Data obtained
with this tube established 80 to 100 amperes/cm as a
good working value for the low temperature arc limit
current density, independent of cathode size, geometry,

Figure 3. "Arch-Cathode" Thyratron. and peak current.
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With the above results in hand, a cold-start The HY-7312 cathode (Figure 6) consists of a large
version of the 8-inch diameter HY-7 megawatt average number of vertical plates copper brazed to a 4.5-inch
power thyratron was constructed. This tube, designated diameter nickel base. The plates are made from a
HY-7312, is described in detail in the next section. pressed and sintered mixture of tungsten powder, barium
Test results follow. aluminate, and nickel. Such a mixture is conmonly used

Next, the physical mechanism responsible for the in cathodes for EG&G flashtubes. Barium is released by

high emission current densities obtained with dispenser the reaction
cathodes in thyratrons is discussed. Implications of
this mechanism for thyratron operation will also be
discussed. 2(3BaO::AI203 ) + W-BaW04 + ZBaAI204 + 38a.

We then conclude with a description of our plans DISPENSER
for future devices in which dispenser-type cathodes can CASOE PE S

be used to advantage. CATHODE PLATES
(COPPER BRAZED
TO NICKEL BASE

Dispenser Cathode Megawatt Average Power Thyratron

The dispenser cathode megawatt average power
thyratron is designed to operate at 40 KV peak anode
voltage, 40 KA peak current, 120 Hz pulse repetition
rate, and 10 us pulse width in 2-minute bursts. The
envelope is a compact, lightweight version of the HY-7;
its dimensions are compared with the HY-7 in Figure 5.

INSTANT START
MAPS-401HY-7 THYRATRON SWITCH

WEIGHT 47 LBS WF.IGHT 25 LBS

LENGTH 13' LENGTH 9' NICKEL BASE

DIA. (CERAMIC) 8' DIA. (CERAMIC) 7-314" PLATE

ANODE CATHODE PLATES N "_ 4.5--- 0.5'
AND CATHODECONNECTOR HEATER J

HASTELLOY

INSULATOR RESERVOIR 4'LOCATION ,_. T"

GRID

CONTROL HEATER
GRID FEED-THRUS EXAES

AUXILIARYEXASGRID .

Figure 6. HY-7312 Megawatt-Average-Power Dispenser
Cathode.

CATHODE AND Nickel constitutes about 1% of the mix by weight,
RESERVOIR and serves as the binder in the sintering process, thus
ENCLOSURE L permitting sintering to be carried out well below the

(STAINLESS STL) sintering point of tungsten, where the barium aluminate
would boll off.

The cathode plates are 0.5 inch high x 0.1 inch
thick, giving a total emitting area of 600 cm

2
. A

peak current of 40 KA therefore corresponds to a con-
servatlve 67 amperes/cm

2
.

EXHAUST HEATER Heat for the cathode is supplied primarily by the
TUBULATION CONNECTIONS passage of RMS electron current, Io. through sgecific

FOR RESERVOIR, resistance, Ro . The power contributed is lpz Ro/a,
AND FOR where "a" is the cato surfage area. Using HY-7
CATHODE ratings (Table 2). -p (40 KA)z x 125 Hz x 10-5 sec.

HEATER AND ACTIVATION Ro is less than the room temperature value 0.1 ohm-om2.RESERVOIR

CONNECTIONS Using these values gives an upper value of 330 watts.
Som additional power is supplied by plasm ions

acce itrated through the cathode sheath. From Lang-
muir .O) the average space-charge limited Ion current
is approximately 1/60 the average electron current
(1/60 being the square root of the electron/deuterum

Figure 5. Comparison of HY-7 and HY-7312 Thyratrons. ass ratio). Since the average electron current is 40
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amperes, the ion current is 0.67 ampere. Multiplying sudden drops in the control grid voltage. When these
by a typical thyratron cathode sheath drop of 20 were observed, the anode voltage was reduced for a few
volts gives only 13 watts. This is probably an under- minutes, until it could be raised again without causing
estimate, because the grid-cathode voltage drop in arcing. As the tube aged, the grid-cathode drop
dispenser cathode thyratrons is larger than in con- decreased from over 1500 volts to around 800 volts.
ventlonal thyratrons by 50 to 100 volts. However, In all other respects, aging of the HY-7312
even if all the additional voltage is attributed to proceeded in essentially the same manner as a standard
the sheath, the ion bombardment power is still on the oxide-cathode HY-7.
order of only 100 watts. Once aged, the HY-7312 was successfully slapped-on

The power contributed by volume resistive heating over 50 times at the 40 KV-50 KW DC level, with no
of the cathode is negligible due to the large cross- cathode heater power. The slap-on tests were conducted
sectional area and short length of the cathode. over a period of days, with off-times ranging from a

Thus, the total discharge power going to heat the few seconds to 12 hours.
HY-7312 cathode is at most about 400 watts, as compared After 24 hours of CW operation at 50 KW OC average
to the more than 1 KW of auxiliary heater power used in power, the HY-7312 was installed In a 1-ohm kit at
the oxide cathode HY-7. Since the HY-7 cathode oper- ERADCOM for testing at the megawatt average power
ates near 8006C, the HY-7312 cathode must be sub- level. There, the tube has been successfully slapped-
stantially cooler and, therefore, far below activation on, with no cathode heater power, after being off for
temperatures. Despite this, startup and operation of as long as 48 hours. The limits of tube performance,
the HY-7312 with no auxiliary cathode heater power has expected to be comparable to those of the HY-7 (Table
been achieved as expected, as described in the next 2), have yet to be attained; test-kit modifications to
section. achieve this are in progress.

Discussion
0perattng Characteristics of the HY-7312 Dispenser
Cathode, Megawatt Average Power Thyratron The physical mechanism of cathode emission and its

implications for thyratron life and reliability are now
The HY-7312 has been operated CW at EG&G, and in discussed.

burst mode at ERADCOM, under the conditions listed The most noteworthy aspects of dispenser cathode
In Table 2. Thus far, the average power attainable has operation in thyratrons are that 1) the cathodes emit
been limited by the test apparatus, and not by the without arcing even when they are at bulk temperatures
NY-7312. This average power has been 50 KW CU, and up well below that required for activation, and 2) the
to 600 KW in 1-second bursts, emission current densities in thyratrons are several

times those observed in vacuum (80 to 100 amperes/cm2

as compared to 10 amperes/cm2 in vacuum).
Table 2. Operating Characteristics of HY-7312 Dispen- Conventionally, the liberation of free barium and

ser Cathode Megawatt-Average-Power Thyratron. its migration to the surface is sustained by keeping
the cathode at temperatures around 10000C or higher.

HY? MY-7312 (to date)- We have shown that the bulk temperature of cathodes in
Characteristics Ask. Rati(os Burs our recent cold-start tubes cannot be more than a few

hundred degrees Centigrade. Therefore, electron
Cathode Neter Power I KW Zero Zero emission is undoubtedly being sustained by the action

Mydoges Pressure 300u 300W 3O0u of the discharge at the cathode surface. This action
probably involves intense local heating, plus Schottky

Anode Voltage 40 v 40 KV 30 KV (40 KV) emi ssIon via the high electric fields in the plasma
Peak Current SO IA 2.4 KA 30 KA (20 KA) sheath. 7,8)

Cathode sheath electric fields can reach hundreds
DC Averse Current SOADC 2.5 OC 18AC (30 ADC) of KV/cm, easily producing an order of magnitude
Pulse Repetition Rate 12S Nz 415 HZ 30 Hz (75 Sz) Increase in emission over the zero-field saturation

level. This is demonstrated in detail in the Appendix.
Pulswith lows 2.54s Z 20us As for the effect of local heating, It is signifi-
oC Averge Power 1 M SO KW 270 K1 (600 Kw) cant that surface analysis (via electron dispersive

spectroscopy-EDS) of un-activated cathode plates
Jitter (10 As 2 ne Not masured revealed spots of free barium precisely opposite those

Anode Delay (200 "s SO n hot measuread places where the plates had been tack-welded to their
nickel base in preparation for brazing. This demon-

Anode Delay rlft (100 "c 100 as Nst mesured strates clearly that brief, highly localized bursts of

ew-Alve Current 40-NO.OC 5.OC so N Kc heat, such as occur under discharge conditions, can
indeed activate the cathode.

hrst Time 120 Sc I so The cathode emission mechanism described above

Off Tim 0 sec 5 sec (10 soc) has certain implications for thyratron cold startup
capability and life.

First, the cathode must be activated before the
thyratron is turned on for the first time. Otherwise,

These are simltmeee values, an are test-aft limite. Tey are it will either fail to comutate, or will arc, usually
not -ie tube ratioS. Ve"e are given for operation in to the cathode baffle or supporting structure. This
T'-u (2-411) kit&. behavior has occurred in Isolated cases, but, in

general, the same procedure used to activate oxide-
Initial aging of the HY-7312 was done CW at EGUG, coated cathodes has provided reliable initial startup.

with the cathode heater on. The tube attained its Second, the extent of cathode activation via
rated meximim anode voltage of 40 KV after approximate- local discharge heating must be sufficient to allow
ly 8 hours of 415 Nz operation in a 30-osm test kit, the tube to be cold-started after it has been off
after which the cathode heater voltage was reduced for some indefinite period. Here our results have
gradually to zero over a period of a few more hours, been erratic. The 2-inch diameter tubes with relative-
The control grid was monitored continuously for signs ly small, thermally well isolated cathodes (Figures 2
of arcing, as evidenced by erratic fluctuations or and 3), cold-started reliably throughout life. Thus
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far, the HY-7312 has only been operated at anywhere inductance, but suffer from short life due to the pone
near its rated average power for a few hours, so it Is accessibility of much of their surface to the dis-
too early to assess Its reliability. Our experience charge. When pulse lengths are short, the discharge
thus far with experimental tubes (mostly 3- and 4-1/2- simply does not have time to penetrate far into the
inch diameters) has been that, although they can structure, resulting in over-utilization of the vane
run CW with no auxiliary cathode heater power for tips and rapid destruction of the emissive coating
hundreds of hours, they become progressively harder to there. By contrast, dispenser material can wit 5 to
cold-start after only a few tens of hours, and begin 10 times as much current per unit area when hot, thus
requiring short periods of auxiliary cathode heater enabling us to construct shorter cathodes having lower
power to reestablish commutation. (The possibility inductance and more uniform utilization. The high
that excessive gas cleanup was causing this problem was current density capability of dispenser cathodes will
investigated, but pressure measurements showed this make them extremely useful in these applications
not to be the case.) regardless of whether or not practical cold-start

Clearly, further improvement is needed in either operation is realized.
the thermal design of the cathodes, the initial acti-
vation procedure, the cathode material Itself, or all Acknowledgments
three.

While the larger dispenser cathodes can certainly Many people have contributed significantly to
be designed to run hotter, it would be more acvanta- the dispenser cathode work at EG&G.
geous if the necessity for this could be avoided by use Overall technical direction was provided intially
of better activation procedures and cathode materials, by David Turnquist, and subsequently by Robert Caristi.

Under our present activation schedule, the Frank Feith of the Flashtube Department provided
cathodes are held at around 1000*C for about I hour. us with cathode material, processing, and invaluable
The activation thus achieved is probably marginal; technical guidance.
12009C for several hours would be more in keeping with The surface analysis work was supervised by John
standard practice for dispenser cathodes. Roy and Mark Anderson, and much of the technical back-

Regarding the cathode material, it Is known that ground information On dispenser cathodes was researched
the type used in the 3-inch diameter tubes and in the by John Bell. Most of the experimental thyratrons, in-
HY-7312 has drawbacks. It was used primarily because cluding the HY-7312, were constructed by Alan Hardiman.
of its ready availability, low cost, and the ease with This work is being supported by ERADCOM, LANL, and
which it could be brazed to supporting structures. NSWC (Dahlgren Laboratory).
However, the absence of calcium oxide in the formula-
tion significantly reduces its emission capability(9), Appendix on Schottky Emission
and the nickel, while it facilitates sintering and
brazing, tends to seep Into and block the pores through In thyratrons, much of the voltage drop in the
which free barium migrates. SEM studies have shown grid-cathode region occurs across a cathode sheath
that this "nickel poisoning" was a substantial factor roughly a Debye length thick. This results in a very
in the failure of at least one thyratron to date. The high electric field at the cathode surface. Under
cathodes used in the 2-inch diameter tubes were made these conditions, the cathode emission current density,
from pure pressed tungsten, impregnated with a mixture J, is enhanced over its "zero-field' value. Jo, in
of barium and calcium aluminate after sintering. accordance with the Schottky formula,
Cathodes of th4s type are known to provide higher
emission, and to be less susceptible to poisoning. J % Jo exp (0.44 yE /T)

Future Application of Dispenser where, E is the electric field in volt$/meter; T is
Cathode Thyratrons the cathode surface temperature in OK.(O)

Dispenser cathode thyratrons are expected to find The value of E depends on the sheath voltage drop,
significant applications in areas where reduced weight V. and the Debye length, d, according to
and volume are desired, since cathode heater supplies
and isolation transformers will not be needed. The E V/d
larger the thyratron, the greater the advantage. EG&G
is therefore continuing to develop dispenser cathode where
models of the HY-7 megawatt-average-power thyratron,
including a double-ended version for use where high d2  £oKTp/ne2

inverse voltages are present and reverse conduction is
desired. Ry making the anode from dispenser material,
emission from the anode might be sufficient to estab- with Tp and n being the plasma temperature and density,
lish reverse conductl.'n in a nondestructive glow mode. respectively. In thyratrons, KTp/e is ttiically 3

The elimination of auxiliary heater power would electron volts, and n can be as high as 1OJn "3 , par-
also be a boon in applications involving large numbers ticularly near the cathode where vaporized material (in
of intermediate-size thyratrons, such as accelerators this case, barium) contributes to the plasma density.
and large laser systems. Therefore, we are also For dispenser cathodes, measurements point to V being
developing dispenser cathode thyratrons in the HY-5 on the order of 100 volts, giving E a 7.8 x 107 volts/
size (4.5 inches diameter, 5 KA peak current), and the meter; therefore, J/Jo ' 20 for T - 1300OK.
1802 size (3 1: .4es diameter, 1.5 KA peak current). Detailed experimental verification of the validity

The high current densities obtainable from dispen- of Schottky theory for dispenser c hodes in gas
ser cathodes make them potentially important in fast discharges is pr" !d in Speros et a1.
pulse, low-inductance, high-peak current applications.
EG&G is presently developing a number of multl-stage References
thyratrons for applications requiring pulse lengths on
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THYRATRON SWITCH GENERATION OF MULTI-KILOVOLT
PULSES IN THE NANOSECONDS REGION FOR LINAC ELECTRON

GUN DRIVE

H. D. Kitchin, Cardon Instrument Co., Earls Colne,
Colchester, Essex, U.K.

J. M. Salome, CEC, JRC, Central Bureau for Nuclear
Measurements, Geel, Belgium

Abstract

The Geel Electron Linear Accelerator made particularly at the injection side to
(GELINA) provides very intense short bursts improve the peak current and shorten the
of electrons which are used to produce burst width, At present, the triode gun is
neutrons for time of flight experiments. The driven by a pulse amplifier using UHF tubes
injector is of the triode gun type requiring to provide pulses down to 4ns width at 5kV
a grid pulse of several KV to achieve the peak drive. It is of coaxial construction
necessary electron beam current. The appli- and is operated with cathode drive via a 50Q
cation of a hydrogen thyratron tube for the coaxial line. Special features of the gun
generation of drive pulses having durations of are a very low inductance and capacitance
less than 4 nanoseconds at voltages of sev- enabling better matching of the line than
eral kilovolts has been examined from theore- was possible with earlier guns of convention-
tical and practical points of view. al construction.

The relationship between the risetime of At the output of the anode, electron
the fundamental thyratron switching function beam pulses of 4 to 5ns long and more than
and the pulse generated using the classical 20A are obtained and injected into a pre-
charge line technique is examined theoreti- bunching cavity and then into the first
cally, and the results applied to establish- section of the accelerator. This paper
ing the thyratron capability needed, describes some of the recent theoretical and

practical work concerned with the operation
Thyratron switching characteristics for of the gun and the use of hydrogen thyratrons

a number of tubes, derived from the EEV Co. for the generation of drive pulses below
CX1157, have been evaluated over a range of 4ns FWHH* atrepetition rates of up to kHz.
triggering conditions and the requirements for
optimum operation established. It has been 2. The Electron Gun
found that switching transitions having rise-
times down to 3 nsec can be obtained and that The main elements of the gun construction
the generation of pulses having a 3ns half are shown in fig. 1, where it is to be noted
amplitude width is feasible at several kV that almost the whole of the electrically
peak amplitude for the intended application functional assembly is configured in coaxial
by using advanced circuit techniques. form and proportioned for 50 Ohms operation.

To a first approximation the equivalent
Some of the experimental results obtain- circuit is that shown in fig. 2, where the

ed with special tubes operating under various gun impedance, ek is shunted by a fixed load
conditions are presented. resistor, RL, chosen to match the 50 Ohm line

which connects the gun to the pulse source.
1. Introduction The gun capacitance, C, is 5pF and forms

with the source and termination a basic RC
The CBNM Electron Linear Accelerator time constant of 125psec, having a theoreti-

produces most of the time intense neutron cal risetime of under 300psec. This funda-
bursts for neutron time-of-flight experiments mental theoretical performance capability is,
(1). After acceleration to about 120 MeV however, influenced by some practical featums
(150 MeV at zero current), the electron beam which could degrade the risetime performance,
is slowed down in a heavy metal target but it has been estimated that these should
producing bramsstrahlung which then generates not prevent the attairnent of risetimes and
neutrons via (Y,n) reactions (2). The energy pulse widths down to lnsec. In consequence,
resolution of the neutron data is strongly it was considered worthwhile to conduct an
dependent on the parameters of the electron investigation into techniques for producing
bursts which have to be very intense and shorter pulses than those currently being
short (3). Several modifications have been
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used around 4 to 5nsec. as illustrated in fig. 3. Between pulses
the capacitance of the line is charged from
a high voltage source, via a resistor. When
the line capacitance is charged to a poten-

M 40 @A WSULATOR C tial of twice the required peak pulse amp-
.. 0/, litude the thyratron is triggered on its

17 7 7 7 -7 " grid. In the ideal case with a lossless line
and an ideal switch a rectangular pulse of

O l duration equal to twice the delay time of the
line is produced in a matched load. In

Spractice the switch exhibits a finite time

SM%-T of transition from non-conduction to full
" _ _ _ _ 7conduction, characterised by the 10-90% rise-
Hl H{ time. Also, the line will not be ideal and

/_____________ _ the pulse produced will exhibit finite rise
and fall times and may be of lower amplitude
than ideal. Parasitic capacitive and induc-
tive elements may also give rise to ringing
and overshoot phenomena. For short pulses

Fig. 1. Co-axial Short Pulse Electron Gun the line imperfection can be r " elatively
insignificant and careful atti',:, - to con-
struction can minimise ringing and overshoot,
leaving the major factor determining pulse

PULSE performance as the thyratron switch risetime.
AMPIFIER

( SOJo OZL -,

Fi.2. Basic Circuit of Gun Assembly Fig. 3. Line Generator Circuit with
.Grounded Switch Cathode.

3. Thyratron Pulse Generators Cruid it
- byatrn PlseGenratrs,4- Pulse Width Amlitu de

Well known amongst the techniques for and Risetime Relationships
high voltage pulse generation is the use of The general effect of reducing the
a hydrogen thyratron, although its applica-
tion to the generation of pulses appreciably charge line delay time so as to achieve ashorter the gnsec frequently involves the reduction in pulse width is illustrated in

tube working in a 'spark gap' mode which can fig. 4. which shows the basic charge line
appreciably reduce tube life. Nevertheless, circuit at the top with the pulse in the load

the advantages offered by this type of tube formed by the summation of the forward and

encouraged a programme of work to establish reflected waves in the line circuit. In this

how far it might go towards attaining the simple case a linear ramp transition has been

target of generating a 3nsec pulse at 5kV assumed, and it is evident that when the line
in a 50 Ohm circuit, whilst maintaining delay is reduced below a certain point any
normal thyratron operation. Because the grid reduction in pulse width will be associated
electrode in a thyratron can only perform a with a reduction in pulse amplitude. Super-
trigger function the thyratron must be used ficially, it may be imagined that pulses of
as a switching elemnt. It is, therefore, appreciably less width than the risetime

necessary to depart from the pulse amplifier could be produced if the sacrifice in pulse
configuration of the existing drive equipment amplitude could be accepted, and this indeed
and embody the thyratron into a system where might be the case if an ideal ramp transition
the pulse width is determined by external could be produced. However, such a transi-
elements. The classical 'charge line' tech- tion cannot even be approached in the time
nique for short pulses is to use the thyra- region under consideration because of its
trot in conjunction with a charged coaxiallias bandwidth requirements, and it is of consider-

134



able interest to establish the nature of the to establish the relationships between pulse
relationship between pulse width, amplitude width, amplitude and risetime. As expected
and switch risetime which applies in a the pulse amplitude falls progressively to
practical case. zero as the charge line delay time is reduced

to zero, but the pulse width does not de-
crease indefinitely, instead tending to a
finite limit. This limiting pulse width is
S0.1% of the risetime of the transition.

- -An interesting consequence of this is that
Zo the effectiveness of the system, when

expressed as the ratio of pulse amplitude to
pulse width, exhibits a broad maximum around

CHARGED COAX LINE a value of two-way line delay very nearly
equal to the thyratron switch risetime. Atthis pcint the pulse amplitude is some 807.(LOad) of its maximum possible value of half the

line charging voltage and the pulse width is
16. greater than the risetime. From these
calculations it is possible to predict the
voltage and risetime capabilities which the

Decreasing thyratron must fulfil to meet a given width

V.line ton tVh and amplitude of pulse. Fig. 5 shows suchv ' 'a curve for the case of a 5kV, 3ns width
pulse requirement. The two-way delay time of

\ t.\ the charge line is also implicit in the cal-
culations for the curve of fig. 5 and the
actual values are marked on the curve at
selected points. The limiting case for zero

LOAD WAVEFORM WHEN Z=Zo risetime shows that a 1OkV thyratron capa-
bility and a 3ns charge line delay time is
required, as expected for such an ideal case.
The limit at the other extreme shows that the

Fig. 4. Effect of Shortening Line with maximum allowable risetime is 3.8nsec, at
Finite Risetime Switch. which point an infinite voltage capability is

needed owing to the pulse amplitude having
To investigate this aspect of pulse dropped to zero. This curve clearly shows

generation theoretically it is necessary to the extent to which pulse performance depends
define the law obeyed by the transition. It upon risetime when pulse widths of the order
has been shown (4, 5, 6, 7) thac a good of the risetime are required, and emphasises
approximation, which has some fundamental the need to control risetime very closely if
theoretical physical basis, postulates thy- pulse performance is to be maintained in this
ratron conduction as obeying an exponential region. For example, to meet a specified
law. Of the various ways in which this can 5kV, 3nsec eulse, a variation of -10% to
be expressed a suitable choice is one which +10% on a nominal 3nsec thyratron risetime
represents the thyratron by a series combin- will require the thyratron voltagc capability
ation of a constant inductance, and some valve to increase from about 13 kV to 19 ?.
parameter which is an exponential function of
time. It has been found with small ceramic 5. Thyratron Switching Characteristicstubes of cylindrical construction as used

in the tests to be described that the induc- It is evident from the results presented
tance Is not a major factor in a 50 Ohm in Section 4 that the limit to the minimum
system having a low inductance coaxial tube pulse width attainable using only linear
housing. In this case the thyratron can be elements in the tube circuit will be set by
adequately represented by an exponentially the switching characteristics of the thyra-
changing resistance function for the transi- tron. Accordingly, a number of different
tion period of switching action. If it is thyratron tubes were examined, including
assumed that the charge line reflects the both standard production and experimental
transition at the open circuit and with o-nly types. These were supplied by the English
a change of sign then the pulse produced in Electric Valve Co. Ltd., and the general
the load can be obtained by linear summation appearance of a typical tube is shown in
of the propagated and reflected transitions. fig. 6. The tubes were of ceramic construc-
On this basis, a detailed analysis has been tion incorporating two grids and with sep-
carried out for the exponential transition arate connections for the tube heater and
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gas reservoir, performance. Figure 7 shows the general
construction, and figure 8 the circuit block
diagram. Pulse drive was used to Grid No. 1,
as it has been established that this is more

2kV - -favourable to the attairnent of the shortest

risetime.

1.7ns LINE

.. ... N.V P IThYR~rON

2Pns LNE

Switch
hoid-oft rt filNE
voltage .

1OOns. UNE OUTF CO~butOR 04 COMOu

Fig. 7. Construction of Test Apparatus.

1.0 20 10 4jo 5.0
Switch rise time ins)

H.V. PF4OEl

Fig. 5. Conditions for a 3ns FWHH Pulse of
5kV amplitude into a matched load.

8- -- - ICONTROL GRI

WAVECATHODEIOLTO I H4EATER

Fig. 8. Test Apparatus Circuit.

It is to be noted that some aspects of
Or.. Ithyratron behaviour can be masked by inade-

quate resolution in the test apparatus and
measuring instrument used, and care was
taken to avoid this situation as far as poss-
ible.

Part of the test programme was aimed ats tudying the influence on anode transition

risetime of the following factors:

Gas pressure.

Fig. 6. Experimental Ceramic Thyratron. Drive amplitude to Grid No. 1.
Drive amplitude to Grid No. 2.

The tests were carried out using an ex- Risetime of drive to Grid No. 2.
perimental apparatus of the charged line Delay between Grid No. 1 and Grid No. 2
type having parasitic elements minimised as pulses.

far as possible, and into which thyratrons Peak anode voltage.

could be placed to investigate individual Peak anode current.
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The follow ing dependencies have been Sufficient grid current is
observed between electrode operating condi- essential to avoid inflections
tions and anode switching transition speed in the anode transition, as the
for the range of tubes tested:- presence of these can seriously

degrade risetime performance.
(i) Heater Voltage: The main effect The drive voltage required by

of variation in heater voltage the valve is only a few hundred
is to affect tube operating volts at most, but considerably
temperature, and in consequence more source voltage than this
gas pressure. In this respect can be advantageous in reducing
it has a similar effect to the time taken to reach maximum
variation in reservoir voltage, current.
However, it should be emphasised
that the cathode operating temp- (iv) Grid No. 2 Drive Pulse: Tests
erature has a considerable revealed that reducing the
influence upon tube life and risetime of the drive pulse
departures from manufacturer's below about i5nsec or so
recommended ratings should not had no measurable effect on
be contemplated without consul- the anode transition rise-
tation. time. Anode delay time may be

affected but some of this is
(ii) Reservoir Voltage: This is by far attributable to the shift in

the most important tube operating timing reference point on the
parameter affecting speed of the leading edge of the drive
anode transition, owing to its pulse. A similar conclusion
direct effect on gas pressure. was reached regarding amplitude
Generally, speed improves as of the current and voltage of
reservoir voltage is increased, the drive pulse and no effect
but often with a gradually on the anode transition risetime
diminishing effect. The extent was discernible over a 10:1
of this depends very much on the range of drive amplitudes.
choice of reservoir design However, jitter does increase
parameters by the manufacturer. as the drive amplitude is
It is to be emphasised that reduced or drive risetime is
operation with reservoir voltages increased, and where low jitter
outside the maker's published is important adequate drive
limits can greatly endanger tube pulse amplitude and fast rise-
life and could result in cata- time are essential. The drive
strophic failure, circuit impelance should be low

and the circuit design should be
(iii) Grid No. 1 Drive Pulse: The rise- such as to preserve the maximum

time of this pulse is relatively speed of the input pulse. The
uncritical although it should be duration of the drive pulse has
small compared with the pulse not been found to be critical;
length. A few tens of nano- a convenient width lies in the
seconds is easily obtained with region of 50-l50nsec. The pulse
present day techniques and has must be delayed to follow the
been found to be satisfactory. Grid No. 1 drive pulse, ensuring
The pulse width is not critical that the Grid No. 1 discharge is
but must be adequate to allow established before the Grid No.
the maximum grid current to be 2 trigger pulse occurs. As bias
achieved prior to the Grid No. 2 is required for Grid No. 2 the
trigger pulse being applied. A circuit must include provision
few hundred nanoseconds is for this.
suitable. The amplitude of grid
current is important, being (v) Anode Voltaze: The anode voltage
dependent on the peak anode which the valve will 'hold-off'
current and the tube construction. (i.e. without self triggering
For the fastest type of tube before the Grid No. 2 pulse

(tested a grid current of 10-20 occurs) is dependent upon the
Amps Is usually satisfactory for gas pressure and falls as the
anode currents of up to 200 Ams pressure is increased. This



is one of the main factors theoretical prediction.
affecting the extent to which
the pressure can be raised to
reduce anode risetime. Tube
operating conditions are
inevitably a compromise between
risetime and anode voltage
'hold-off'. Measurements have
shown that the anode risetime I I
reduces as the voltage is PUSE AMPLITUDE IN
reduced when the circuit and LOA 332kV I

charge line and all other LOA

factors are kept constant, but A

this decrease is not propor- ' -2-j 14A
tional to voltage and so the -I

best power-speed capability is -

obtained at the highest voltage '

for which the tube is designed. 13. ns I

(vi) Anode Current: The anode risetime
is influenced by the magnitude
of the peak anode current, and
at a constant voltage it increases Fig. 9. Voltage Waveforms at Thyratron
as anode current is increased. Anode and in Load for Experimental
The risetime increases muchGenerator.
more slowly than the increase in
anode current so that the besttube powr-ed captha bt One possible explanation is that theoccurs at the highest current, shape of the anode voltage transitionHowever, for fast pulse working departs from the assumed law, and indeed,the limit to anode current may be examination of the waveform shows this tos the ittonoet curnetin mabe so. This aspect of the transition was
set by the onset of inflections examined in more detail by plotting the
and irregularities in the anode anode transition on a logarithmic amplitude
transition waveform, scale, as a tube obeying the assumed law

6. Pulse Generation Tests should give a straight line. Using the anode
transition of fig. 9 taken between the peak

To examine how the results of the theo- to peak limits, the logarithmic plot is
retical pulse width risetime and voltage shown in fig. 11 as a solid line. Whilst

retial plsewidt rietim an volagethe law is obeyed quite well over the central
relationships described in section 4 relate t te

practical performance, tests were carried out region extending to nearly 2 decades there

using a type of tube found to have the fastest is an increasing departure at each end.

anode transition in a circuit of the charged
line type operating at the 50 Ohm impedance - .-

level. Capacitor divider monitoring probes
were incorporated; one at the anode of the
thyratron to monitor the anode voltage trans- so1 - ___i- -- 6
ition and another across the load. A typ- C.
ical result illustrating waveforms at the
anode and across the load is shown in fig. 9 604 - - .. -K--
for a charge line having a two way delay of Wulse t puteIns)
3nsec. The anode transition risetime is , A 'H.

3.Ons and the pulse width is 3.85ns. The 0 - 7 ..
anode supply was 1OkV which produced a
3.3kV peak pulse amplitude. Similar results 20-- -

over a range of risetimes were obtained and
are plotted as the curves marked 'A' in
fig. 10. Also shown in fig. 10 are curves 2.
for the theoretical relationships referred 1 2 3 5 -
to in section 4 which are marked 'B'. The trinsi
practical results exhibit a lower amplitude
and somewhat greater pulse width than the Fig. 10. Curves A & C; experimentally
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observed dependency of pulse the theoretical and measured transitions and
amplitude and pulse width on stray capacitance and inductive effects.
thyratron rise-time using the The attainment of transitions having 3nsec
apparatus shown in Fig. 7. risetimes from a thyratron operating at
Curve B; theoretically 1OkV or more offers the possibility of
predicted relationship; two generating pulses down to 3nsec width at the
way line delay time 3.Ons. 5kV amplitude required by the electron gun

if the voltage efficiency could be improved.

At the end nearest the time origin some A well known technique which doubles the
of this departure is attributable to the pulse amplitude is the Blumlein circuit
noticeable ripple before the transition, where two identical lines are charged in
whilst at the other end it is attributable parallel and effectively discharged in

to a more abrupt finish to the transition. series, so providing an output voltage equal
to the charging voltage in the ideal case.

A better fit between the measured and The line impedance required becomes half of
ideal transitions is achieved if the ampli- the load impedance, so that the discharge
tube of the latter is made greater than the tube has to be capable of passing greater
actual peak to peak value of the measured current than in the basic single line
transition. In the present case an ampli- circuit. Hydrogen thyratrons of the type
tude corresponding to a supply voltage of tested will handle the increased current
10.91kV has been found to be a good choice without serious degradation of the risetime
for the idealised transition, and the revised at voltages up to at least 10kV, provided
plot of the measured transition is shown by the points noted in section 5 are taken into
the ringed points in figure 11 when interpret- account, so that the adoption of this
ed in this way. The points now lie on, technique should yield a significant gain
or close to, the straight line representing in capability. Another technique, especially
an ideal exponential transition over the applicable to lower repetition rate require-
major part of the range, only deviating ments is the technique of 'command' pulse
significantly at the extreme points, charging (7). This enables the statistical

nature of gas discharge breakdown to be
exploited by restricting the application of
voltage to a short period just prior to the

w ._. Instant of thyratron triggering, and it

.- seems likely that by applying this technique
-__ to the Blumlein circuit the best of the

--. experimental valves tested could yield a

5kV, 3ns pulse suitable for the electron gun

I .~fl40A~TAL1  application.
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HIGH DI/OT OPERATION OF MULTI-GAP THYRATRONS

BY

WM. H. WRIGHT, JR.
US Army Electronics Technology & Devices Laboratory, ERAOCOM

Fort Monmouth, NJ 07003 Phone (201) 544-5404

INTRODUCTION:

For the past several years, NSWC and ET&D avoid thermal damage, the time during which this
Lab, ERADCOM, have been working together to ad- dissipation is present, the switch closure time
vance the technology base in high power switching or anode fall time, must be kept very short, on
and power conditioning and to develop a thyratron the order of a few nanoseconds. The major factor
for the extremely demanding ETA/ATA application, controlling anode fall time is gas pressure within
whose requirements are: peak hold-off voltage, the switch, with higher pressures giving faster
250 kV, pulse charged in a few microseconds; peak fall times. For high-voltage, low-inductance
curent, 40 kA; pulse width, 60 nanoseconds, (HVLI) thyratrons, a pressure of 500 microns (u)
rising in 10 nanoseconds; repetition frequency, is a good goal. High pressures, however, are in-
greater than 1 kHz. The present ETA/ATA switch imical to good voltage hold-off because on the
is a gas-blown spark gap with satisfactory hold- left side of the Paschen curve, where thyratrons
off and risetime, but limited in repetition fre. operate, increasing pd (pressure-distance product)
quency and life. The thyratron, with its diffuse produces a lower breakdown voltage. Reducing
discharge as opposed to the filimentary discharge electrode spacing to compensate for higher pres-
of the spark gap, has inherently faster recovery sure helps, but field-emission problems,
for higher repetition frequency operation and is aggravated by reduced spacing, will limit hold-
erosionless, for a much longer operational life. off.
The thyratron operates at low gas pressure, at a
few hundred microns, on the left side of the Pas- The design of the HY-S52S is shown in the
chen minim", gets its voltage holdoff by cutaway of Figure 1, and the tube itself in Figure
reducing electrode spacing, and is normally lfm- 2. The tube envelope is 4.5 Inches in diameter
Ited by field emission effects to 40 to SO kV per and the tube stands 6.3 inches high from the ca-
gap. For operation at voltages higher than this, thode flange to the anode flange. It has five
multiple gaps must be used with some mechanism gaps and the overall length of the high voltage
for dividing the total voltage among the gaps. sections is short enough to provide a low total

inductance. The tube is designed for use with a
12-inch diameter current return. The inductance

TH RATRON DESIGN, HY-S52S: of the tube/return combination is about 40 nH.
The tube should have been capable of generating a

When a switch is closed between an energy 10 kA, 60 ns current pulse with a risetime of 10
store and a load, the rate of rise of curre * can to 15 ns at a pulse repetition frequency of I kHz
be limited by circuit inductance, switch c.osure in a burst mode. The gap spacing (Figure 1)
time, or both. In nearly all previous applica- varied from .121 inch at the control grid to .115
tions, circuit inductance limited the rise and inch at the anode to improve the voltage distribu-
switch closure could be considered fast, so that tion across the tube ( C /C is about 12 for
during the time the switch Impedance (mainly re- a 12 inch return and9%o;rukkt for a 14 inch
sistive) was falling there was little current return), but even the .115-inch gap is well above
through the switch and dissipation stayed low. the spacing ( .090 inch ) where experimental re-
For fast circuits, switch closure time becomes sults show that field emission may become a
the limitation on current rate of rise and the concern. The upper insulator is 1.515 inches
switch has to pass large currents while the vol- long. This is more than adequate according to the
tage across it is still high. For this results of ceramic tests. A ratio of baffle
application with peak voltage of 250 kV and peak thickness to internal grid height is such that
cu rent of 40 kA, if the current rises to half reasonably good stage isolation without triggering
peak value while the voltage drops to half peak problems was expected.
value, a reasonable approximation for a switch-
limited circuit, the p dissipation within the
switch reaches 2.5 x 10 watts. To keep average
power dissipation within the tube low enough to
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TEST FACILITY, DESIGN AND PERFORMANCE: to 1 kHz for burst lengths of a few hundred
pulses with a pulse-to-pulse droop of onl.p .15ao.The philosophy followed in the design and

fabrication of the test facility tor the HVL1 The PFL was characterized and diagnostics de-
thyratron was to produce all conditions of the veloped by operating in a charge-discharge mode
eventual application simultaneously. Our experi- with a well-behaved single-gap thyratron, an 9Y-
ence with non-simultaneous, or simulated, testing 53, operating at 25 kV and high enough gas pres-
has been that it often produces unrealistic, and sure to be near self-break voltage, so as to
dangerously optimistic, data. ensure fast anede fall and current rise times,

about 17 ns, as showh in Figure 6. The gas pres-
To generate the required fast pulses, while sure was lowered slightly until the anode fall

avoiding the mechanical difficulties of a Blum- time increased, and a corresponding increase in
lein circuit, a water-filled coaxial pulse current rise time was noted, indicating that the
forming line (PFL) was derigned for 250 kV peak current rise was controlled by the tube character-
charging voltage, 60 ns pulse width, 3 ohm char- istics rather than by the circuit. A multigap
acteristic impedance, and 10 nF distributed thyratron was expected to be slower than a single
energy storage capacitance. A water-imersed 3 gap tube, and the circuit being faster than the
ohm load in series with the center conductor single gap tube gave reasonable assurance that the
matched the PFL and maintained the desired 6 ohm evaluation of the multigap tube was not circuit
system impedance. The thyratron mounted below limited.
the PFL in an oil tank with a heavy acrylic plate
separating the oil frb the water. A large diam-
eter current path was maintained throughout for EXPERIMENTAL RESULTS:
low inductance and good risetime: 7.7 inch dia
center conductor in the PFL; 6 inch dia load re- Prior to evaluation at ERAOCOM, the HY-652S
sistor; 5 1/4 inch dia conductor through the was run at EG&G to the limits of their 80 kV, 30
acrylic plate to the thyratron. The connection ohm, 2.6 kA modulator, pulse charged in 8 us, with
fron the thyratron to the feedthrough was made a discharge rise time of 150 ns. These results
with beryllium-copper finger stock operated at are shown in Figure 7 and indicate good gap hold-
2.5 kA/linear inch around the diameter, which is off and gap addition. The asterisks on the lowest
a conservative current density. The current stage curve are ERADCOM data and reproduce the
return from the thyratron cathode to the PFL was EG&G data up to 7 kA.
a 12 inch die cylinder, the same diameter as the
outer cylinder of the PFL, and a distributed, low Figure 8 shows operation of all five gaps of
inductance .07 ohm current viewing resistor (CVR) the HY-5525 at 400 microns, 32 kV, with a 20 ns
was in series with the current return to monitor fall time. Figure 9 is representative of an en-
the current waveform. The low inductance confi- velop of no-fire, fire, and pre-fire traces for
guration was maintained by joining the current the lower two gaps of the HY-5525 in the ERADCOM
return to the PFL with 24 bolts around a 24 Inch modulator at 700 microns pressure, with a smooth,
bolt circle. An insulated joint between the PFL well-controlled change from fire to pre-fire above
and the grounded gantry prevented grounding prob- 12.7 kV and 2 kA. As the gas pressure was reduced
lems on the diagnostics. Figure 3 is a schematic and more gaps added, the hold-off voltage increas-
cutaway of the PFL, load, thyratron, CYR, and ed and with it the peak current. After a brief
current return. Figure 4 shows the PFL supported period of operation at 7 kA the tube performance
in its gantry; the structure was about 9 feet became erratic, jumping suddenly from fire to pre-
tall. Figure 5 shows the current return, the fire, sometimes even from no-fire to pre-fire,
CYR, the finger stock connector, and the HY-5525 with no operating range. The hold-off decreased
in its socket. dramatically, even at very low gas pressures. Re-

ducing cathode heater voltage, cooling the cathode
The water in the PFL was circulated contin- and thereby the lowest grid increased lowest stage

uously through a high-purity mixed-bed delonizer, hold-off, giving an indication of grid emission.
and a layer of transformer oil floating on the
water helped prevent atmospheric gases, particu- The capacitive division of the pulsed anode
larly CO , from lowering the resistivity. The among the five gaps was checked and found reason-
W/e decj time was approximately 40 us; when the able. In an attempt to overcome the grid mission
thyratron was triggered within a few us after problem on the lowest grid, the tube was run with
charging the PFL, the energy loss through the two gaps and the voltage division distorted by an
water resistance was negligible, unequal voltage divider. The highest total hold-

off was found with only 2% of the voltage across
The PFL was pulse-charged with a (1 - the lowest gap.

cosine) waveform through a 1:4,5 stepup transfor-
mer from a .2 uF intermediate storage capacitor The lowest gap was operated for many hours in
switched by a 7890 thyratron. This capacitor was a resonantly charged, 10 us, 3 ohm modulator at 10
resonantly charged from a power supplyftlter Hz to determine what effect pulse heating of the
bank, choke, and charging diode circuit. A 225 interior surfaces, particularly the control grid,
kV, I m average current diode stack between the would have on the low hold-off/grid emission prob-
transformer and the PFL prevented the PFL charge lm. By carefully operating the tube near, but
from ringing back into the transformer. The below, the prefire voltage level, the lowest gap
charging circuit was operated up to 140 kV, de- was conditioned up to 22 kV at 35O microns, at
livering 98 joules per pulse, in a burst mode up which it had held off only 3 kV before aging. The
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improvement, hawever, was tenuous; a brief burst There was nothing observed in the autopsy to
of pre-fire pilses would drive the hold-off down explain the either the extreme difference in de-
to 7 to 8 kV and would require many hours of gradation and reconditioning between the fourth
aging to bring it back to 20 kM. and the other gaps or the polarity sensitivity ofi the fourth gap.

After aging in the 10 us 
modulator, the gaps

were checked for d.c. hold-off with the cathode
hot, with and without gas in the tube. Without
gas, all gaps were quite similar, between 27 and CONCLUSIONS:
36 kV, and independent of polarity. With 450 mi-
crons of gas, the holf-off ranged from 2 to 2S The most logical hypothesis for degradation
kV, very low in gap 4, and quite polarity sensi- of holdoff is damage resulting from current starv-
tive. ation. The current requirements of the circuit,

which demands full design cathode current capabil-
The tube was returned to the E6&G 80 kV, 30 ity in the nanosecond time frame, cannot be met by

ohm test kit and reconditioned to nearly its the present cathode structure, and results in
original operating characteristics except for gap arcing from the side of the box-grid structure to
four, which never regained hold-off. The envel- the deposits on the wall. The arcing is a runaway
ope was then broken open to examine the internal situation, in that the deposits cause arcing which
structure. in turn deposits more metal on the ceramics.

For high di/dt operation, the thyratron ca-
thode must be designed not only for adequate area

AUTOPSY RESULTS: for current handling capability, but the vane
The uppermost cathode vane had been stripped structure must be sufficiently open o allow the

discharge to utilize this area fully . The ca-
clean of its oxide coating, leaving shiny nickel, thode in the tube evaluated here, even though it
and the outer edges of the next few lower vanes had more than enough area for the current deman-
showed som signs of use. Other than this, the ded, probably caused the failure of the upper
cathode looked brand-new. Its surface layer was stages of the tube by not emitting electrons
white and soft, indicative of good cathode mater- quickly enough.
ial, rather than hard and grayish, which
occasionally happens with chemical reconversion It has become more evident that a thyratron
to carbonates or with other cathode failure, must be conditioned, or 'aged" , in an operating
There were no signs of arcing anywhere within the environment similar to that in which it will be
cathode region. run, particularly with respect to modulator impe-

dance and peak current level. Though not proven
A failure mode which had been postulated conclusively here, conditioning under realistic

prior to the autopsy, i.e., migration of cathode di/dt may also be important.
material into the high voltage structure, was not
borne out by inspection. If there were any emis- If a thyratron is to be operated with pulse
sive material on electrode surfaces, it was not charging of the anode voltage, the capacitive vol-
evident. tage division is inescapable and the grid-cathode

space must not fire too easily, else a self-
There were no gross mechanical defects such triggering mode is invited, which even external

as melted or warped electrodes, and theconcentri- capacitive loading and negative grid bias will not
city of electrodes in the ceramic cylinders, cure.
while not perfect, was no worse than in tubes
which have operated well.

There were no effects to cause field- REFERENCES:
enhancement between the electrodes, such as
whiskers of metal or rough surfaces caused by 1: Cathode Phenomena and Life in Hydrogen
arcing. There was evidence of minor arcing Thyratrons, Seymour Goldberg, Proceedings of the
between electrodes, but no more than is comonly Seventh Symposium on Hydrogen Thyratrons and Modu-
seen after normal conditioning. lators, 1962

There was evidence of ser'aus arcing between
the edges of the box-grid sections and the ceram-
ic walls, presuably from the edge of the grid to
the deposits of metal on the ceramics. These de-
posits, copper and molybdenum, depending on their
unifority, could provide field-grading to resist
breakdown or field-enhancement to encourage it.
There were also whitish deposits, probably alu-
mina, on the electrode surfaces near the arc
spots. These arc marks were most severe in the
anode region. Arcing in the same region has also
been noted during the conditioning of HY-? thyra-
trons.
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FIGURE 5
THYRATRON SOCKET AND CURRENT RETUR N

FIGURE 8
ANODE FALL WAVEFORM OF NY-5525,

ALL FIVE GAPS ACTIVE.
32 kV PEAK ANODE VOLTAGE
400 u GAS PRESSURE

FALL TIME -20 ns

FIGURE 6

PFL RESPONSE WITH SINGLE GAP TUBE
UPPER: CATHODE RETURN CURRENT UNCALIBRATED

LOWER: ANODE VOLTAGE, 5 kV/MINOR DIV.

HORIZONTAL: 20 ns/MINOR DIV.

-r FIGURE 9
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EXPERIMENTAL HIGH VOLTAGE, LOW
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FIGURE I

CUTAWAY OF HY-5525 '\

* FIGURE L4

PFL. AND SOCKET IN SUPPORT GANTRY

FIGURE 2
my-5525
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MULTIPLE PULSE ELECTRON-SEAM CONTROLLED SWITCH

V.E. Scherrer, R.J. Cosmisso+,
R.F. Fernsler+, and I.M. Vitkovitsky

Naval Research Laboratory
Washington, DC 20375

Summary shunted to the load RL . After the pulse, SW-2 opens

The electron-beam (e-beam) controlled switch is and the process is repeated for a second pulse by

a promisinq opening switch candidate
I 
for inductive making the e-beam switch conduct again. The switch

storage pulsed power applications where repetitively SW-2 is generally not required except for specific

pulsed > 1 kHz) output power of - 101
0 
W In applications. The most significant problem

required. Several authors
I- 
1 have reported associated with the use of such a switch is the

theoretical analysis and eoperimental results for e- energy loss by joule heating in the switch. T

beam controlled switches. The development of this minimize this heating, the switch resistance must be

switch requires a number of experiments to be as low as possible while the switch is conducting.

performed to determine the gas conductivity, rate of Such heating can also lead to late time breakdown

change of conductivity, switch efficiency, and the making repetitive pulse operation impossible. On

effects of energy deposition in the gas on the the other hand, this switch promises to provide a

switch recovery. Such experiments, which would repetitive opening cabability with a very fast fall

establish the feasibility of the e-beam switch for time of the switch current. Potentially, the

h:ih power applications, are being carried out with opening time of the switch can be substantially

simple gas mixtures over a range of ambient gas faster than that achieved with fuse arrays.

pressures and electron beam current densities.

Comparisons are made between experiment and

theory
l,
2 to understand the basic mechanim SW-2

INDUCTOR L OUTPUT
involed in switch operation. Single pulse WM SWITCH

experiments are also used to provide a data base !or CURRENT I, LOAD

establishing the repetitive capability of the CURRENT

switch. A typical de.in goal involves charging of -,-t
CONTROLLED

a storage inductor over a period of several SWITCH

microseconds, voltage and current levels at the load ENERGY

of 200-500 kV and 10-100 A, with C pulse-to-puls- .EAM
separation of - 100 usec. Initial experiments

characterizing the performance of a second pulse -
have been carried out.

5-sam Sitch Concept

The principlee of an s-beam controlled switch Figure 1. Schematic of an inductively driven pulser

for repetitive operation are discussed in Ref.(l). using an e-beam controlled switch.

An inductive storage system using an e-beam

controlled switch to generate a pulsed high power

output is shown schmtically in Pig. (1). hoen the A measure of the switch performance that

e-bean is turned on, the switch resistance drops to determines how practical such a switch can be is the

a low value, resulting in energy transfer from the current gain, e. It is defined as the ratio

source Wo to the inductor L. When the e-beam is (I. - .)/!a, where in is the total current flowing

turned off (and SW-2 is closed) the switch in the switch, ie is the injected s-beam current,

resistance becoms large and switch current is and the bar indicates peak values. A current gain
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of at least 10 is considered necessary for a that produce a 200 ns (FIIMN), 200 kV pulse acros

practical system. the diode. The fuse FD is chosen to open after 200

no, limiting plasma generation in the diode. Two

Theoretical predictions
1 

indicate that the pulse-forming networks can be coupled to the diode

resistivity 0, switch current fall tim*,T r , and for double-pulse studies of the e-beam switch. 1 3 
The

current gain C depend on the ambient gas pressure. test chamber is isolated from the diode by a

Limiting values of pressure depend upon the 0.005-cm mylar window and is normally filled with a

properties of the thin window between the evacuated mixture of two gases at a pessure of 1-3 atm. the_5
(-10 Torr) e-beam diode and the high pressure resistance of the call during discharge in

(- 10 3 
Torr) switch, electron energy requiremnts, determined by measuring the current through and

and the strength of the switch chamber. A switch voltage across it. The circuit voltage is sustained

pressure of 10 atm appears feasible, by the capacitor C. The circuit is described by:

The upper limit of current density that can be di
switched in the repetitive pulse mode depends on n -R(i-i ) + I

V RInio +L -+- I I ndt, (1)
energy deposition in the switch by joule heating.

Excessive energy deposition is manifested in delayed

breakdowns
12 

which would preclude multiple pulse where R is the switch resistance, V, is the initial

operation, as discussed later in detail, voltage on capacitor C, and L is the circuit

inductance. We can neglect the last term in q. (1)

(<5% correction). At the tim of peak in (i.e.

Description of the Experiment when din/dt - 0) the switch resistance is

The experiment, shown schematically in
V

Fig. (3), contains three principal parts: a R - (2)

high voltage pulser, consisting of a low n e

voltage (< 10 kV) source and a pulse-forming

network; an e-beam diode, and a gas cell test The resistivity at peak net current, P., is related

chamber. In the pulser,13 a 20 kA current to Ro through the switch geometry. The fall time of

the current through the switch is estimated from

ANODE L

" L -a- i L 
(3)

T ,*V21 n

* ~ ..9...,,,.where V 2 is the transient voltage peak associated
0 3 SEAR with the rise and fall of switch current and is

MYLAR ELECTRODES indicated in fig. (3).

_65( Tar) DSCHARGE The diagnostics used in the experiment include

REGMA calibrated bqowaki loops and voltage dividers for

L I, measuring the diode voltage and current, V D and

respectively, and the voltage across and net current

Figure 2 Schemtic of the experiment through the discharge, Vd and i n respectively. Blue

cellophane and film techniques were used to verify

the tir integrated beam uniformity.

source charges an inductive store, with explodLnq

wire fuses F1 and r2 serving as opening switches
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SJnglpllse Xcpertmntal Data of current gain. These plots are the result of

For the switch concept that we have described, varying J. over a wide range, using the same

the following paramters are important: current 20% 02 - M N. mixture discussed earlier. The data

gain, resistivity, switch current fall tim and in Fig. (5), dmonstrate that j east b6 below

recovery characteristics. Also of importance is the 1OA/cm2 
to approach s - 10 for this gas mixture at

effect of enerw depoltion on these paramters. p - I atm.

Switch performance is expected to improve as the Fig. (6) illustrates the effect on the net

pressure is increased. Therefore, the experiments current in the discharge when the pressure is

were focused on the acc-i-lation of da'a to increased from 1 atm to 3 ata for a 20% 02

determine how o, r, and c vary with gas composition concentration in 2 nd R/P - 10.S V/cm-Trr.

and pressure. These measurmnts are also necessary

to understand the basic physical processes involved

in the switch and to provide input for theoretical 20% 02 IN SO% N2
analysis and scaling. We report primarily results 200 Je - 24 A/cm2

for 02-N2 mixtures because the atomic and molecular

data are better established than for other gasx~re. 1501- '1500.
mixtures.

An example of results for one discharge of the , /

switch using a 20% 0 80% N2 mixture at 1w, low

I atm pressure, is shown in Fig. (3). The incident

s-4ma current density, jo, was 24 A/cm
2 . The top 50- O

two traces show diode voltage, V,, and current I.,

while the inferred e-beam current into the switch, 01 0

te, is in the bottom section of the figure. The

difference in decay time between i. and i. is due to 2r 2000

plasma formation in the diode and the energy

dependent transaission of electrons through the

mylar window. Plasma current through the switch, I Vd

p in-is , and voltage across it, Vd, are shown in > -0 - -- - -- 000

the center two traces. 0 is plotted as a function 10. 1

of time in the bottom section. The fast fall, low - /
mininum resistivity ( - 30 G-cm) followed by a fast 5 / \1W

rise, result in good switching performance. /

The quantities 0., T* and c are plotted as a 0

function of percent 02 in N2 in Fig. (4) for Je in "

the range 2.5-6.7 /cm . ~Shown also for reference - I I

are the beo rise and fall time, I

, and r. The gas pressurewasiatm. The 7W I .3W
results Indicate that 02 concentrations of 10-20% :1
yield resistivities of 200-300 ( .-cm, a current 50o . 02,, :200
gen over 10, and y'* about equal to that of the a- :
beam. I/P, where 2 is the applied electric field 2
and P is ambient gsa pressure, was 10.5 V/cm-Torr in : \ '

this case. lb late-tim electrical breakdwn was ' 0
observed. 0 100 200 300 400 N

The scaling of 0. and c with electron beem t (no)

current density is illustrated in Fig (5). 1k o as Figure 3. An ex-ape of measurmnts made on a

small as 20 --cm I* observed, but at the sacrifice single shot.
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The input *-beam current was the same in both cases.

An illustration of how 0 changes with pcessure ......
0

is shown in Fig. (7) where Po is plotted against P i-IA),I*iA) vs t (n

with constant E/P - 10.5 V/cm-Torr and 20% 0-% N2

j- 5.0 t 0.3 A/cm
2
. The data show that for 02 10. Volts

concentrations ap to 20%, 0 o changes little 
with

pressure. This is most likely because the duration P-=*TM

Or%
I -. - 2.54.7 Alcm2  P - I Atm

P,- I,VO -

.o 90i

F ilr 4 . e p n e, 
. . .

a n d 
.f.a 

o

........ 0 Figure 6. Effect of ambient gas pressure on switch
aP Is A 30 40 0 80 o aD s too

%02 current time history.

Figre 4. Dependence of po' , and c for various

percentages of 02-N 2 '

We illustrate the dependence of current gain on

pressure with the data presented in Fig. (9) for 5%

of the a-beam pulse is too short for the discharge 02 in N2" E/P was 10.5 V/c-Torr and Ja was

to reach equilibrium at the lower percentages of the S.0 ± 0.3 A/cm
2 
as before. E increases from 7.6 to

attaching gas, as explained in what follows. 11.8 when pressure is increased from I to 3 atm.

P. changes substantially with P for higher

concentrations. In Fig. (8) -rp is plotted versus P

for 02 concentrations of 10, 20, and 50% in N2. E/P

was 10.5 V/cm-Torr; J. was 5.0 t 0.3 A/cu
2
.

20% O,-So% N mo 01-Nt MIXTURES /1.

" "I, (A/cma) P (1L-cm) vs P(1O3Torr) /

E ' cm-Trr / /-

/ II p/m-

...... - -"e-

iPA/O
t  , , , ,,, .. .. . .... , u.

igure S. Illustration of change in P( I03 Tor)

resistivity, Po,-and current gain, C, as a function Figure 7. oEffet of ambient switch pressure on 0o .

of beam current density, ie"
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-1
T characterizes the discharge plasm electron

lose rate. The switch resistivity is given by

02 - N2 MIXTURES

AW r,*(ns) vs P(ATM)
E Volts10.5( -1_,_o___m_ _i7 p n , (5)

where u is the electron mnobility. Mininu

side of Eq. (4) goes to zero. This yields upon

substitution in Eq. (5)

Psin~ f - (eSjeup) - Oe (6)0 ~ ~ ~ ~ ~ i f , ,is,

P(ATM) where the product (up) is a function of gas

Figure 8. Effect of ambient switch preaeure composition and the field parmeter 9/P. lUtpressing

the switch plasma current density as

*p " r/0 n , * (7)

leads to

.... I ' ' . f(Z/P (8)

s vs P IATMI min

5% 02-W% N,
1 Volts and

p10.5 cm-Tor r

4 T f " fl-"/P)

where switch current gain C -1 5  rVO.seakdown

tn limiationn dnhtrahn the field parameter to t/Prd~10 V/cm-Torr.

'~~~ . .. 'i . . .*. .
. .  

. . . . . . ........ ... .... .

, ( M 01 -[ 0 N t MIXTURES .6 KV
P(ATM) "t2 or (105 il-cm-sec) vs % Op IN Nit

FJ~gre . lw-,t Of aftbient switch pressure on

off can beg derstood by exp essing the continuity ex

equation for the discharge plaes electron density, 4
I ATM'n' "- sIV

an

a P n (4) IS 3, 0 s a t 0 91 s

% 0 8 IN Nt

rigure 10. Ilffeat of va ying percent 02 in N2 and

where the beam ionization parmter S depends on the gas pressure on the product (P aC),

e-bem energy and gas composition and where
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11I1. (6). (8), and (9) describe the qualitative in one curve of Fig. (11) the parameter EIV is
behavior of 0-beam controlled switches. Theme plotted versus time, beginning with the abient

scaling relationships -re valid, however, only if IV- U V/cm..iorr. X/P decreases, during the rise

the *-beon pulse petaL- s for a time longer than of current in the switch, to a minimum of 2.5 V/cm-

Tand shuts off In a time shorter than Tr T2ho Torr. It then reverses, crosses the ambient line
Impact of this restriction can be seon by and peak* at 21.5 V/cm-Torr, before declining to the

contrasting Eq. (6) with Fig. (10), in which the ambient of 13 V/cm-Torr at 440 flu. At a much later

product p0 r 1 is plotted for three different gas time, 720 ns, the switch breaks down discharging the

pressurs as a function of 02 concentration. Since system. The second curve is a plot of resistive

electron mobility in N 2 and 02 is similar, Aq. (6) energy deposited in the switch per unit volume, W.

predicts that o ai is t nearly constant At the time of breakdown, W attains a value of WD.

independent of gas pressure. P, or 0 2 The occurrence of breakdown at late times, i.e..
concentration. t low concentrations of the long after K/P peaks, suggests that breakdown is
attaching gas 0 2. T becms long compared with the influenced more by deposited energy than transient
beam duration, and hence ao never reaches Pan E/P.
Similarly, at high concentrations and/or high

presurs. T becme mallr tan he bau allThis effect is seen in Fig. 12 in which a plot

F of WSas a function of P for K/P a 11 V/ca-ftrr is
time: as a result the estimated switch fall tims, shwfoaianframxteof1%0in12
r,, , approaches the beam fall ties rathersow foaianframiteof160in4.

than T F . This effect is also seen in the data in

Figq. (4) , where TF approaches8T at high 0 2 .

concentrations. W( -j)vs P(ATM)

0. em-Torr
Late-Time Breakdown 0 FROM REF 12 W% 0,

One possible failute mode for the e-boas switch 0.2-

when operated repetitively is breakdown involving a
self-sustaining arc from which the switch could not

recover. We obeerve that in some cases breakdowns @.1 AIR

do occur late in tie, well after the e-boam has ma0I
been turned of f. this phenomena Is described with ai

the aid of Pigo.(ll) and (12).______________________

Figure 12. Breakdown energy per unit volume for 10%

Vot 0 2 in N 2 and air.

10% 0 - 90% Na

Shown also on the curve is one point from ?Mf. 12

obtained in an experiment whore P - 0.13 atm. This

E point lies on a straight line extension of our

switc gas as funcion f ~.data. The exact mechanism responsible for late

(me) Double-Pulse Experiments

Figure 11. Plot of I/P and energy absorbed by the oefth prbm.asite wthreiie

Som ofth rolesasoiaedwthreeitv



operation were investigated in a double-pulse IEEE Ttas. llamea Sci. P3-8, 176 C19901.

experiment. The principal Objective was to confirm

that switch characteristics are the soe for the two 2. 3.3. Commisso, ft.?. Fernalor, V.Z. Scherrer, and

pulses. The circuit of Fig. (2) was used with~ two I.M. Vitkovitsky, accepted for publication, IEEE

pulse forming networks. 13 The second pulse was Trans. Plamea Sdi., Special Issue on Plama Switches

coupled through a solid dielectric explosive (1982).

switch. Two pulses. separated by 300 a-sec, were

applied to the s-beaus diode to produce two distinct 3. P. Sletzinger. Proc. of Workshop on Repetitive

successive ionizations of the switch gas. The Opening Switches, Tamrton, Colorado, Texas, Tech.

switch was filled with 50% C02 -50% Ar with P - I atm Univ. Report (April 1981), pp. 128.

and X/P - MS. V/cm'.Torr. The current and voltage

diagnostics described previously were used to 4. V.S. Scherrer. R.J. Commisso, ft.?. Parnsler, L.

obeerve switch performance. The switch was observed Kiles and I.M. Vitkovitsky, Third International

to turn on and of f with approximately the same Symposium on Gaseous Dielectric*, Knoxville, Tenn.

characteristics for both pulses. Thase observations Mar. 7-11, 1982.

indicate that the switch can be turned on and off at

least twice. we expect similar results for pulse 5. R.O. lMantet, Proc. IEEE First Int. Pulsed Power

trains, but emphasize the importance of energy Conf., Lubbock, TX (1976), 1CS:1-6.

deposition limits on late time beskdown.

6. .P.. O'Louglin, Proc. IEEE First Int. Pulsed

Conclusions Power Conf., Lubbock, TX (1976), IX105:1-6.

We have presented a concept for a repetitive

s-bea switch and supported it by experimental 7. 3.14. lcovalchuk and G.A. Mssyats, Soy. Tech.

data. The data indicate that an optium balance l9hys. Lett, 2, 252 (1976).

between several contradictory requirements may be

realized by proper choice of gas mixture and S. K. Moonald, at. &L., IEEE Trans. Plasma Sci.,

operating pressure. We expect to continue th~is PS-S. 181 (1980).

research effort by: 1) studying the effects of

increasing pressure on critical parameters, 2) 9. Lawrence U. Kline, Proc. of Workshop on

studying the effect of energy deposition on pulse- Repetitive Opening Switches, Tamarron, Colorado,

train switch operation, 3) seeking optimm gas Texas Tech University Ampt. (April 1981), pgj 121,

mixtures, and 4) obtaining a switch conduction time

of 1 Usec. 10. R.7. Fornaler, A.W. Ali, .R.. Greig, and 1.
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A PRELIMINARY STUDY OF THE BREAKDOWN MECHANISM

OF SURFACE DISCHARGE SWITCHES

S. T. Pai and J. P. Marton
Opto-Electronics Ltd.

Oakville, Ont. Canada L6L 5K9

SUMMARY
The breakdown smecanism of multichannel attempts have been made by investigators to

surface discharge switches were studied deal with this problem. One of the common
experimentally and theoretically. Experi- approaches has been to select the best
ments have been carried out using N and dielectric material by trial and error, which
other gases at pressures ranging fr~m one to on the one hand caused multichanneling and
five atmospheres. Several different di- on the other withstood the very high plasma
electric materials were used as substrates, channel temperatures without significant
having plain and cylindrical surface deterioration. Although some improvements
geometries. The observed results were inter- have been achieved by this approach, long
preted by a physical model which was life of surface switches could still not be
developed for this purpose. In the model, made reliably.
the major physical processes, i.e. electron It has been suggested that further
production, electron loss and diffusion, improvements in the lifetime of these
were treated in the presence of the di- switches may be made by separating the sub-
electric surface. In addition, electron strate from the electrodes sufficiently far
losses due to electron traps on the di- enough to reduce the plasma erosion of the
electric surface has also been taken into surface significantly. The problem found
consideration. The model yields an analytic- with this approach was that it effected the
al expression for the breakdown voltage of a multichannel performance of the switch in
given surface spark gap. For the cases unpredictable ways. The unpredictability
studied, the model predictions fit the stemmed from the lack of knowledge about the
observed results reasonably well. Based on effect of surfaces on plasma channel dis-
the information obtained from this study, charges. Prior to the work carried out in
several prototypes of pulse charged multi- our laboratory, there could be no information
channel surface switches were constructed. found about the role a dielectric surface
Because of their multichannel character, the played in a discharge, as to how the substrate
inductance of these switches is considerably effected the breakdown voltage, or how it
lower than that of single channel switches, helped channel formation in a high electric
The holdoff voltage of the prototypes ranged field. The present work is part of a
up to 200 kV under 500 ns risetime pulsed continuing effort in our laboratory to gain
voltage conditions. The lifetime was found basic understanding of the relationship
to be in access of 10 million shots at 6 mC between the dielectric surface and the per-
per shot, which represents a total charge formance of a Multichannel Surface Discharge
transfer of over 60 thousand Coulombs. Switch. The final goal of this work is to

design a variety of practical, long lifetime
1. Introduction fast switches with optimum performance and

As demands for switches which are characteristics.
capable of switching large currents with
fast risetie have been steadily growing, 2. The Effect of A Surface on
workers in the field of high power pulse Breakdown Voltages
technology have been looking at multichannel The influence of the dielectric surface
switches as one of the possible devices that on the performance of surface discharge
can meet this demand. switches were experimentally tested on the

Multichannel railgap switches have been basis of Je physical model proposed
well studied and widely usedlnI high power recently. According to the model, the
pulse field in recent years. Their per- basic effect of a dielectric surface is to
formance, however, have indicated that such enhance the charge density in the gap. The
switches usually require high voltage fast effect may be described in terms of two
trigger pulses to initiate multichannel competing factors. One is the volumetric
breakdown. These switches also have effect and the other is the diffusion effect.
difficulty achieving subnanosecond current The mathematical expression describing the
jitter. On the other hand, recent work charge density in terms of theme effects is
has demonstrated that subnanosecond jitter in the form of
is readily achievalbe by Multichannel Surface G 2.405r t-t
Discharge Switches without fgsp risetime n f-- Jo no. ()
high voltage trigger pulses. --

The use of Multichannel Surface In the expression, n is the charge density
Discharge Switches in thl high power pulse in the gas between the electrodes, R is the
field was first reported in 1977. Since distance between the surface and electrodes,
then a fair amount of research and develop- G and n are constants and may be determined
'ent work has been carried o t.V many experimntally, J is the zero order Bessel
.nstitutions and industries. - A common function, r is thS spatial coordinate, t is
shortcoiing associated with such switches the time after the field is switched on, t
in the past has been substrate and electrode is the time at which the surface charge 0
er~sior , which limited the useful life tO density on the dielectric reaches its
10 -10 shots at high power. Various saturated value n0, T is a time constant and
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is defined by The second expression obtained from

1 )2 tne model gives the breakdown voltage of a
, 2 . (2) given surface spark gap in terms of the

-R ffi distance R and other variables. Its
In (2) f is the net rate of electron prod- analytical form is
uction and D is the electron diffusion co- G 2.405r t-t 0

efficient. Both are assumed to be constant. VB a2 2 Jo ( R )exp( T)+n (3)

where a is a constant to be determined
experimentally. Equation (3) is plotted in

d Figure 3. The solid curve is calculated
from Equation (3) while the open circles
are the experimental results. The experi-
ments were carried out under atmospheric

,- pressure of dry air using a set-up shown in
R Figure 1. The substrate was quartz. The

voltage was increased slowly until breakdown
occured. The breakdown voltages were
measured at various values of R while all

Frant vIeaw other conditions were kept constant.

it.

Top view EXPRIMNTAL

Figure 1 Schematic diagram of typical experi- -45.0 CALCULATED -

mental setup showing the electrodes I
and the substrate.

For an experimental setup similar to 0

that shown in Figure 1, expression (1),
predicts that, as the distance Rl between the
surface and the elictrodes increases, the
effective volume R appearing in the 13•.

denominator of the first term also increases 0 I 2 3 4
hence the charge density decreases. At the R(cm)
Same time, as R increases the exponential
term increases, which increases the charge Figure 3 Breakdown voltage as a function of
density as a result of the increased substrate distance for quartz
electron diffusion length. The net result substrate.
is shown in Figure 2. From the figure we
can see that at the charge density is From this result, we can see that as
maximum. the value of R increases from zero, the

Sbreakdown voltage decreases, reaches minimum

at deoiaothen it increases. At large or
very small values of R, the breakdown
voltage approaches the static breakdown

s , avoltage Vn sIt is quite clear that theegeneral e fect of the dielectric surface on
the spark gap is to lower its breakdown

a voltage. The extent of the lowering depends
on the electrode-substrate distance,

sreaching its peak value at r h ew

*------------------------------Invest gaon a utcannel behaviour
of the surface discharge switch were carried

LO * out under pulse charged conditions. Tne
schematic diagram of the experimentalet-up
is shown in Figure 4. In the experiments,

Figure 2 Charge density as a function of voltage pulses wore formed by discharging
substrate distance. the storage capacitor C through the pulse

1s4
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forming network. The rate of rise of the The number of channels as a function of
impulsing voltages at the surface discharge the voltage pulse risetime is plotted in
switch ranged from 0.1 kV/ns to 0.3 kV/ns Figure 5, and the same number of channels as
with a maximum peak value of 68 kV. The a function of the static breakdown is plotted
switch was filled with gases of N , SF and in Figure 6. The values of A, a and t were
air at pressures ranging from 0 tg 30 PSIG. determined experimentally. In Figure 5, the

solid curves are calculated from Equation (4)
and the symbols are the experimental results.switch

spark gap

H,.V. --------- --

Figure 4 Schematic diagram of the pulse 220-
charged switch experiment.

Under pulse charged condition it was X
found that the total number of plaisma
channels in a given surface disc *rge switch
could be approximately expressed by

2 0i
N A 1 1a -7 rAt 

2d Sr 1/2 0 3 4 5 4
a n V,(ab.un,,)

tan - + DL (4) Figure 6 The number of channels as a
A Jfunction of the static breakdown.

In the expression, Vand a are parameters
which may be determined experimentally, S
is the rate of voltage rise and is assumes
to be a constant for a given voltage pulse,
at is defined as

At - B(ti-tr) (5)

here t. and tr are risetimes of the current
and voitage pulses respectively and B is a
proportionality constant. u is the electron Surface deterioration tests were
mobility. ured eterioratin tes se

An inspection of (4), shows that the carried out with impulsing voltage pulses.
number of channels is closely related to the The experimental set-up is similar to that
static breakdown voltage V . As V de- shown in Figure 4. Dielectric materials of
creases, the nimber of cha~nels ingreases. pc board, ceramics, quartz, teflon and
From the foregoing, we saw that the general cermet were tested respectively under
effect of a dielectric surface in a gas identical conditions of 10,000 shots, 10
spark gap is to lower the static breakdown oscillations per shot, 200 Joules per
voltage, therefore it follows that the oscillation and with R-0, i.e. the substrates
effect of the dielectric surface is also to were in contact with the electrodes. The
increase the number of channels. Now, as total charge switched ;uring thesI experi-
Siclre lathenmed o Ranns. oer to ments for each substrate was 2x10 J. TheV, is closely related to R, in order to electrodes used were brass with an edge
a~hieve the optimum number of channels in a rd s 3md te conditon e

surfce iscarg swtcha pope elctrde- radius of 3 mm and the conditions of the
surface discharge switch, a proper electrode- tests were P-15 PSIG of N, V -62 kV,
substrate separation is crucial. L -iI, d-1.25 cm. Opticai microscopy and

. .ectron optical analysis have been made on
all substrates studied. Some typical

N results are shown in the following figures.
In Figure 7, a PC board substrate is

iS o- 0 PSIG shown after 10,000 shots with its own clad
0 Cu electrodes. The low magnification

o picture is optical and the other three are
i0. SEN pictures. There are light and dark

O W PSIG areas visible on the substrate along the
length of the switch which is typical of all

0 substrates used. The dark area corresponds
-to heavy discontinuous material deposition

30 Psle which was x-ray analysed in the SEN. The
0 P190 analysis showed the elements Cu, Si, Ca and

-, . . Al. The darker areas appear to be eroded
0.2 0.3 0.4 more than the light ones. The effect is

shown in the two low mag. SEM pictures, where
Sr(kV/sS) the glass fiber fabric is shown exposed for

Figure 5 The number of channels as a the dark area and less exposed for the light
function of voltage risetime. area. The former picture also shows the

heavily damaged anode. The damage appears
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(A) X 15 (B) X 43

(C) X 43 (D) X 90

Figure 7 A printed circuit board substrate after 10,000 shots.
(A) Optical picture, (B) (C) (D) SEM pictures

to be caused by melting. The erosion of In Figure 9 a cermet layer of approx-
the glass fibers is also visible in the imately 50 micrometers thick is covering
higher mag. SEM picture. Here the upper an alumina substrate. The composition of
strands appear to be broken. The missing the layer is Sn0 2 and borosilicate glass.
parts have likely been either melted and The damage after 10,000 shots is quite
evaporated or have been sputtered by the similar to that seen in Figure 8 for bare
hot plasma column, ceramic. Here again the breaks have been

In Figure 8 a ceramic substrate is caused by demounting. In the x16 image,
shown after 10,000 shots in a similar erosion of the sintered oxide layer down to
fashion as that of the PC board. Here the the bare substrate is visible. The x60
electrodes were brass and are not part of picture shows metal particle deposition on
the picture. The white vertical lines in the right hand side (dark area) and its
the optical picture are breaks which were absence in the left hand side. The SEM
caused by demounting the substrate from its analysis this time showed the elements of
holder. The cathode and anode positions Cu, Zn, Sn, Al and Si as expected. The x90
are marked. Here again light and dark picture shows two merged eroded channels
areas are seen. The dark areas were terminating at the anode (bottom). The
analysed to contain Cu, Zn, Al and Si. The heavy roughness outside the channel region
light areas contained Al and Si only. The was determined to be electrode material.
light areas also appear to contain Quartz and teflon showed quite similar
partially melted substrate material. This features to the others shown here, except
is seen in the x80 picture. A closer that on quartz the electrode metal deposition
inspection of this also reveals cooling was more pronouned than of the teflon. This
cracks in the molten region. The x8OO is not surprising, as a quartz surface has
image shows part of the molten zone. The a high afinity to metal vapors while
fingerlike objects were analysed to contain that of teflon is nearly zero. Also, teflon
Al and Si only. The small spheres in the eroded much more than quartz.
x43 picture, located outside the plasma The general observation from experiments
track were analysed to be Cu and Zn. They is that during channeling, there are two
form a discontinuous layer from electrode simultaneous processes taking place. One
to electrode. It has also been observed is the deposition of electrode material on
during life testing that the light and dark the substrate, which forms a dark coating
areas shift with time, i.e. the line on the substrate and the second is the
containing electrode metal deposit at one removal of the substrate surface which
time may be eroded down to the substrate cleans the metal deposit from it. Per-
some few minutes later. During the same formance of the switch can thus deteriorate
time some light areas may change to dark. in two ways. One is when the rate of

electrode material deposition is greater
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(A) X . (8) X 80

(C) X 43 (D) X 800
Figure 8 Ceramic substrate after 10,000 shots

showing molten regions and electrode
metal deposits on the surface ( '-) optical
picture (B) (C) (D) SEM pictures.

(A) X 1.5 (8) x 80

(C) X is (D) X 90
Figure 9 Cermet substrate (SOUi thick on ceramic) after

10,000 shots showing features similar to those
of Figure 8. (A) optical picture (13) (C) (D) SEM pictures.

P5



than the substrate surface erosion which 5. Options and Limitations
leads to chort circuit (short circuit for Switch Desi
resistance of several megohms). The other In view of he informion presented
is the excessive depth of erosion of the above, it appears that there is always some
substrate, which in itself would not be conflict between competing characteristics
detrimental, but because it is not generally of the switch and that this competition may
uniform along the length of the MSG, it leads profoundly influence performance. For
to nonuniform channeling, example, if one chooses to keep the surface

Another observation is that when sub- close to the substrate, e.g. at R-R. to
strates are in contact with the electrodes, obtain the maximum number of channels, the
there is an excessive amount of material holdoff voltage becomes minimum, and the
loss from the surface of the substrate, but surface damage will be severe. On the other
when they are removed to a distance of a few hand, increasing R beyond Rm will decrease
millimeters, the erosion decreases to the number of channels, but will increase
acceptable values. Results on teflon are the holdoff voltage and decrease the surface
shown in Figure 10. damage. Therefore the design of a practical

switch involves several compromises amongst
conflicting factors. Such designing is now

40 20 possible using the formuli derived from the
present model.

Using the present model, we have4
-6 designed and constructed several versions of

30 Z Multichannel Surface Discharge Switches.
Iw . Each of them has some special features in
4Z order to meet specific applications. One of

go 12 X the verions is shown in Figure 11. This
E U

.E 20- U.
W 80

2 10-
4-

0
0 2 4 6 8 10

R(mm)
Figure 10 Number of channels and substrate

damage as a function of substrate-
electrode distance for teflon
substrate.

Figure 11 Photograph of a Multichannel
Table I is a summary of typical test Surface Discharge Spark Gap. Tb,'

rcsults on substrates which were in contact electrodes are 40 cm long.
with the electrodes. Before-test and after-
test values of V , and N are presented particular switch is designed primarily tu
together with th total volume of material high voltage pulse charged applications e~g.
loss. The loss rate of the brass electrode large scale excimer lasers. The switch con-
is also included. Note that teflon suffered sists of 2 pairs of 20 cm long electrodes,
the greates material loss, but suffered and the average number of channels under
the least deterioration in Vh and is a close normal operating conditions at 75 kV is about
second to quartz in N. Teflon appears to be 30. This is shown in Figure 12. The maximum
a good candidate for a commercial switch
with long life.

Table 1
Lifetesting results for various substrates
and brass electrodes after 10,000 shots,
2x10 7 Joules.

;PTMTr V
h  

KVI Rr va

Initial rinal initial Pinat mm Ki'

'iis

C~~naml '&. 3 'L. . 10 6 S.0

'.Sl',n S.0 S6. ~ 12 3(

Anode- _._ Figure 12 Open shutter photograph of a single

shot multichanneling along one pair
of the 20 cm long electrodes.
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holdoff voltage of the switch is 1.40 kV when on a slowly rising impulsing voltage pulse.
it is filled with pure SF gas. It also can In conclusion, we should like to point
be operated with N2, air Ind other gases or out that there are several design factors
their mixtures. Some typical data in this which may critically effect the performance
regard is shown in Figure 13. The inductance of a surface discharge switch. Primarily

they are: the physical properties of the
substrate and the electrodes, the dimensions
and the geometry of these and the physical
layout of the switch. Fortunately, the
present model provides quantitative guide-
lines for the design of switches with

- respect to these factors and enable us to

140- PURE SF construct switches for specialized applica-
4 tions with predictable and reliable

PURE N2  performance.
0
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TESTS of A DIELECTRIC-VACUUM
SURFACL FLAbHROYLe 5W(tH"

Ian Smith (Pulse Sciences Inc.),
Gene Lauer (Lawrence Livermore National Laboratory),

and Morton Levine (Lawrence Berkeley Laboratory)

Su.. r300

Dielectric-vacuum surface flashover switches were F (kV/cm)
developed and tested as a means to switch a coaxial 200
water Blumlein. The Blumlein was charged to as much
as 150 kV (250 kV in self-break tests) and the switch
was required to trigger with nanosecond jitter and
carry up to 30 kA for 50 ns with a 20 ns rise.
Recovery time was of interest as an indicator of very
high repetition rate capability.

Plastic and alumina surface switches were tested
with charge times ranging from 0.2 to 20p. s and with a -40 0 0 (dog) W

variety of field distortion trigger configurations.
Plastic switches achieved RMS jitters from less than 1 +
ns to a few ns and alumina switches from a few ns to
tens of ns. Alumina recovered much faster (in 1"'F
10 0 -2 0 0 1As) than plastic (1-2ms) and showed less
surface wear. Switch closures were almost always
single channel and risetimes were from 15-30 ns
10-90%.

Figure 1. Effect of angle on 3Ons flashover of epoxy cone.
The results show that a vacuum-dielectric surface (From Ref. 1)

flashover switch has potential as a fast-rise low
jitter switch in the 1-10 kHz range, although further A conical switch surface was chosen, since this
tests in true multipulse operation (rather than single could withstand the charge voltage over the shortest
pulse and recovery tests) are needed to demonstrate distance. It was decided to test both an inside and
this. an outside surface, since in the coaxial geometry the

magnetic forces would push the discharge away from the
surface in the first case and onto it in the second;

Introduction in practice no difference in results could be ascribed
to this. Most of the tests were made with the trigger

The flashover of a vacuum-dielectric surface was electrode in the vacuum, though some used a trigger
of interest as a mechanism for high repetition rate entirely embedded in the plastic. It was desired to
(>lkHz) low jitter (J 1 ns) high di/dt (>IKA/ns) test with trigger electrode locations near the anode
switching because it was felt that the flashover might and the cathode. Tests began with plastic surfaces,
be followed by rapid recovery of insulation strength which could be readily formed and reshaped. After
as in the case of a pure vacuum discharge. Switches experience was gained with these, alumina was tested.
using pure vacuum have not so far achieved the Some experiments were done with a liquid film on
necessary low jitter or rapid rise of current. alumina.
However, the presence of the dielectric surface should
supply a rapid triggering and breakdown mechanisn and
thus make -1 ns jitter possible. Many experimenters Apparatus
have found that the flashover of a vacuum-dielectric
surface produces a nanosecond-like transition to very The tests were done on the LLNL Switch Test Stand
low impedance with negligible pre-breakdown current. developed in the ETA-ATA program. This includes a
One desirable consequence of this is that very little vertical water Blumlein, the hig voltage electrode of
energy Is deposited in the discharge or on the which ends at a large Lexan interface designed to hold
dielectric, off the 250 kV as it passes down into a large vacuum

tank, Fig. 2, which is pumped by a 6 in. diffusionVacuum surface fl ashover occurs at a cr1itical

field that is fairly reproducible, independent of BLUMLEIN
electrode spacing, and only weakly dependent on the
voltage duration in the range 10 nsec to 1O/Asec.
These properties make it suitable for use in a
three-electrode field-distortion switch. An important

aid to breakdown under trigger should be available
because the breakdown field Is a strong function of
the arille between the electric field and the surface,
Fiq. I. It can be arranged that the trioper pulse .EXAN
both increase the field and re-orient it from the INTERFACE
direction in which the surface is strong to the
direction in which it is weak. V

SWTHTTANK \. .
flTi IGROUND)

ANNULUSTRIGGER

* Work supported by Lawrence Livermore National
Laboratory. Figure 2. Schematic of Slumlein, vacuum tank and annular switch.
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pump. The switch surfaces were mounted below the
Lexan interface with a low inductance path to the
grounded tank. The trigger pulse entered the vacuum
tank from below. Charge voltage:

The most tests were done with annular switch 20kV/div
bodies like that shown in Fig. 2. The discharge 5 ps/div
surface was usually the inside surface, but the
trigger electrodes could also be placed on the outside
surface. The trigger electrode consisted of two
diametrically opposite steel blades about 1/4 in. wide
with sharp ends placed about 1/8 in. from the surface,
at 1/4 in. from the ground end. out. P-.;rIum .E

At first the Blumlein was charged by a resonant 5pulses gurE I
air-core transformer that created an initial negative 20 ns/div imUMimnm'L
voltage rising in 8us followed by a larger Positive
peak at a total time of 20/As. Later an iron-core ANNmm E "E,
transformer was used to provide a positive voltage iU U Fi !mm I
rising in 2j&s. A magnetic compression stage between
the transformer and the Blumlein was used to reduce Current:
the charge time to about 0.2 /As. 3Advl3.3 kA/div InmEmmr1 ,

The drive to the transformer was provided by a *IIII jji i
capacitor switched in by a thyratron. The trigger 5puls *mU EmFm&
pulse was provided after a pre-set delay by a 20ns/div
thyratron-driven, stacked-cable generator employing
ferrite stage isolation. To test switch recovery, a ir mmem ,
second charge pulse could be provided by a second Mmum E
capacitor thyratron combination, but there was no m w's
provision for a second trigger pulse.

Figure 3. Trigger test of delrin flashover switch.
Switch voltage was measured with a capacitive

probe in the water, and switch current by a stainless
steel viewing resistor in the ground return. Both The use of a trigger electrode embedded in the
diagnostics had nanosecond resolution, dielectric was tested using the outside surface of an

epoxy cone, Fig. 4. There it was reasoned that a
trigger electrode intially grounded should be placed

Plastic Switch Tests near the cathode, since it would then repel electrons
from the surface, discouraging breakdown. When driven

Lucite and Delrin surfaces were tested in the by a positive trigger pulse, the trigger electrode
annular configuration of Fig. 2. The switches were would draw electrons to the surface, initiating a
triggered near the first negative peak of the resonant breakdown avalanche. Therefore the switch was
transformer waveform. This polarity makes the cone triggered on the positive second swing of the resonant
angles positive in the convention of Reference 1, and charge. However, the switch triggered very poorly;
gives the highest breakdown fields. The trigger possibly electrons drawn onto the surface cancelled
electrode was held at ground during charge, reasoning the trigger field in a stable fashion.
thaTllits pgjitive edge would not emit electrons or
spo the field angle. A negative trigger pulse was
expected to cause electrons to be sprayed on the cone
surface, as well as enhancing the field and reversing HVELECTOOE

the angle.

The 1 1/4 in. high internal surface self-broke at DISCHARGE SURFACE
just over 150 kV on average. It could be triggered VACUUM EPOXY
with a few ns mrs jitter down to about 40 kV, using a
trigger pulse of about 100 kM. Breakdown times were
typically 30-60 ns. Typical results for Oelrin are
shown in Fig. 3. Jitter is slightly greater at 40 kV
and 125 kM Results for Lucite were similar.

The risetime is closely exponential with a time GROUNTRIGGER ELECTRODE
constant of 12-15 ns. This implies an inductance of
about 70 nH. From this one would estimate a channel
diameter of about I mm. When triggering was on an
external surface observation through a viewport
usually showed a single bright channel of about this
size, lying straight along the surface. On a fresh Figure4. Epoxvswitchwithembedddtriggerelectrode.
surface the channel was not straight but took an
erratic bent path. and longer risetimes were seen. It was found that a negative trigger pulse

Though the breakdown was not always at the same applied to the epoxy switch with embedded trigger
trigger electrode, it only formed at one electrode on during the first or subsequent negative swing of the
each shot. This would be expected considering the charge voltage produced sub-nanosecond Jitter over a
jitter is a few ns and the first channel to form would voltage range of about 3:1. Fig. 5 illustrates that
rapidly remove voltage from the other, multiple pulses cannot be distinguished in 5 or 10

shot overlays on 10 ns/div.
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Trigger applied on When the annular switches were triggered on the
second cycle inner surface, the recovery time was controlled by the

size of the aperture around the trigger electrode, if
Charge voltage: this aperture was less than about an inch in diameter.

50kV/div This was attributed to a low pumping rate which

5 Ms/div allowed the pressure to remain high following the
discharge. Measurements with a fast ion gauge, and
also with the pump shut off, showed that a few
x 10- 2 litre-torr of non-condensable gas was released
by the plastic surface on each pulse.

Repeated firing tended to remove material, making
grooves in the plastic. Long life would not be
expected in repetitive operation.

5 pulses

20 ns/div Alumina Switch Tests

Current: The first tests with alumina were made with the
3.3 kA/div same annular shape used for Lucite and Oelrin and

shown in Fig. 2. The Blumlein was charged negative in
about 8,.&s with the resonant transformer and
triggering was from the anode ground.

The recovery of voltage holding was much more
10 pulses rapid for alumina than for plastics. Fig. 7 shows
10ns/div that recovery to 80 kV requires just over 100/$s.

Breakdown voltage is very close to that of a cold
swich after 200 s. It was noted that only about

110 ltre-torr of gas was released on each pulse.
FigureS. Low jitter of epoxy flashover switch, much less than from the plastic.

The plastic switches recovered their voltage Vacuum Trigger Electrode, Unbiased
holding capability in 1-2 ms. This is illustrated for 80kV
the Delrin switches in Fig. 6. The lower trace on
each oscillogram is the first charge pulse, in which
breakdown is triggered at 80 kV. The scope trace is Interpulsedelay:

swept upwards at S00ps/div. and a second charge 50ps
pulse is applied at various times after the first.
Premature breakdown occurs unless the delay is more
than about 8001As. Recovery to near the initial 150
kV hold off requires about 2 ms.

20 lis/div1I0s

5 Asdiv horizontal 700 js
900jusOp 16 A

Figur 7. Recovery of alumina annulus flashover swrifh.

low Rnsetemes wdre similar to those obtained with
plastic switches, suggesting that a sCngle

multtmetre-ltke channel was being formd. This wals

6- 5ont0d y ds/dibsevaioverticaswichwa

Figme R ovryofdri flh~wichatakV Figre 7. thecovtsrd ofcalumn ansfiase wth
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Jitter of the alumina switch was tens of Recovery times for this switch were similar to
nanoseconds, with breakdown times well over 100 ns. those of the annular alumina switch given earlier.
In an effort to reduce jitter, resistor chains were However, recovery was less reproducible, and
added to bias the trigger electrode during charge at a occasional prefires would occur even after 2 0 0 ,As
potential corresponding to Its physical position, and delay. This may have been due to the air spark gap
a pulse sharpening spark gap was placed in the trigger used as a trigger isolation and pulse sharpening gap;
circuit; these changes had no effect.

A new alumina switch was then designed for use
with the iron core transformer and magnetic modulator. 20 ns/div
Since this gave a 200 ns charge time, the cone height 6.6 kA/div
was reduced to 1 in. The Blumlein charge voltage
waveform was now unipolar and positive, so the coneangle was reversed from that of previous surfaces. Approx -fold

The cone formed the outside surface of a solid alumina
disc. Because the ground was now the cathode, the
trigger electrode was biased off ground during charge
by resistor chains; if grounded it would have emitted 7 ns
electrons prematurely.

When pulse charged to 250 kV, this switch
self-broke quite reproducibly just after the peak Three consecutive pulses:
voltage. Trigger tests were made between about 80 kV
and 160 kM. Because of fluctuations in the charging
voltage, it was difficult to control the timing of the
trigger with respect to the output of the magnetic 8ns
modulator, and this made it hard to measure Jitter
accurately; it was approximately 2 ns rms. Fig. 8
shows the collapse of charge voltage on successive
overlaid shots; the magnetic modulator fluctuation 10ns/div
shows up as a voltage variation at the time of 6.6kA/div
triggering. A similar jitter was obtained, at
voltages up to 100 kV, when the switch was charged in
2,s, by bypassing magnetic modulator stages. 1Ons

Blumlein charge: Figure 9. Current pulse shape for fast-charged alumina switch,

Voltage ovedays triggered at 150 kV.
50 kV/divlll I=1I 

q l
*UlUUU=l~1 since this cannot recover in 2 00 )As the trigger bias

will be incorrect on the second pulse.

Tests were typically made at 10 pulses per
minute. The discharge regions of the alumina switches
were darkened, but not worn away. Thus a long lived
switch is possible.

A liquid surface could also be considered where
mass long life is required. A test was made of the annularswitch shown in Fig. 2 in which a coat of Dow Coming

Figuree. Triggering test of fast-charged alumina witch at 150kV. 704 diffusion pump oil was applied to the alumina.

The switch triggered with low Jitter (a few
nanoseconds) whereas the bare alumina in this

The e-fold risetime of the switch current was in configuration had shown tens of nanoseconds Jitter.
the range 7-10 ns, Fig. 9, considerably less than the The recovery was not tested. The quantity of gas
risetimes of the switches tested earlier. This cannot released on each pulse was small, similar to that from
be entirely explained by the smaller height of the alumina rather than plastic.
switch, and suggests that the channel is larger,
perhaps even appoaching 1 cm in width. To the eye, References
the discharge appeared more diffuse, but still had a
bright millmetre-like core. The risetfmes were 1. I. 0. Smith Impulse Flashover of Insulators in a
similar for fast-charged self-breakdowns and triggered Poor Vacuum, First International Conference on
pulses with 200 ns and 2Jis charge times. Breakdown in Vacuum, Boston MA, 1964.
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OPTICALLY ACTIVATED SWITCH FOR NANOSECOND PULSERS

By

M. Weiner, J. Carter, R. Youmans, US Army Electronics
Technology and Devices Laboratory, ERADCOM, Fort Nonmouth,

NJ 07703, Phone (201) 544-5404

T. Burke, Rutgers College of Engineering, P.O. Box 909,
Piscataway, NJ 08854, Phone (201) 932-3871

SuMARY

Optically activated semiconductor switches metallized except for a small gap which is exposed
have received growing attention in recent years to the laser light. When the gap Is illuminated,
because of their ability to rapidly switch at the carriers are created, causing the device to
kilovolt level. Pulser designs based on this switch.
physical mechanism appear capable of producing
extremly narrow pulsewidths (less than 2 nanose- In this paper the suitability of such switch-
cond) at very high pulse repetition frequencies es for high speed pulsers, applicable to
(greater than 100 kflz). These pulsers will be millimeter wave transmitters, is addressed. We
extremely useful in future high resolution - seek compact pulsers able to provide peak voltages
wave systems, in which the pulsers modulate grid- of 1-3 kV, peak currents greater than SOA, pul-
ded tubes such as extended interaction amplifiers sewidths of less than 2 ns, and pulse repetition
and traveling wave tubes, frequencies greater than 100 kHz. In order to

help define the pulser limitations of the optical
In this paper an investigation of the switch, several measurements were conducted.

switching characteristics of intrinsic silicon, These included measurement of risetime, recovery
using both Rd:YAG and GaAs lasers, is reported, time, and gap resistance, obtained as functions of
The semiconductor samles were mounted in $0 ohm bias voltage and optical energy.
transmission lines and terminated with 50 ohm
loads. Neasurements of the increased conductiv-
ity (which is a measure of the switching Fabrication of Targets
efficiency), risetime, and recovery time were ob-
tained for various optical inputs and bias levels The optical switch consists of a rectangular
on the sample. Pulse bias permitted the use of prism of high resistivity single-crystal silicon
higher voltages (up to 3 kV). Neasurement re- in which alumtma electrodes have been evaporated
sults are explained in terms of the carrier on one side leaving an exposed rectangular gap
transport model. Overall, the results demon- across the polished surface. The following is a
strata that optically activated semiconductors description of the material, dimensions, and fa-
are well suited for high speed modulator applfca- brication procedure.
tions.

The silicon used for the swynch is nearly
intrinsic, with a resistivity of 104-cm, obtain-

Introduction ed in boule fore from Wacker. The silicon was cut
into wafers 0.5 m thick and polished on both
sides. The silicon wafers were cleaned in an ul-

A promising approach for producing trasonic cleaner with organic solvents and etched
nanosecond pulsers makes use of the phenomenon with mineral acids before the aluminum was deposi-
observed whqinf siconductor is illinnated with ted.
laser light,' ".  The light energy produces
secondary hole and electron carries in the semi- Two different techniques wer used to form
conductor, which causes the resistivity to drop the alumumin electrodes: evaporation and photoli-
from its initially high state to a such lower thography. In the first, aluminm was evaporated
value. In a typical device configuration (Fi re over the silicon wafer masked with 1 m wide metal
1) the center conductor of a transmission 1tne bars, leaving uncoated stripes. In the photolith
(either coax or stripline) is interrupted and a process, aluinum was evaporated over the entire
section of semiconductor material is connected in wafer surface. Negative photoresist was applied,
series. One surface of the semiconductor is then exposed through a rubylith mask. The

1CHI785-5/2/00004144100.75 © 1M IEEE



aluminum was etched from the exposed areas with case of the Nd:YAG laser the timing was c€mplic-
a phosphoric acid solution. After electrode ated by the necessity for first turning on the
formation, the aluminum was annealed at 400c C flash 1m. After initiation of the flash Im a
for 30 minutes, and the wafer cut into 1 cm long delay of *' 100 us was provided, allowing suffi-
devices. Approximately 1 micron of aluminum was cent pumping time for the Nd:YAG. The bias pulse
evaporated in both cases. was then initiated followed shortly afterwards by

the activation of the Q-switch. The switched vol-
Final dimensions of the smiconductor taret tage pulse was lowered with wide band attenuators

we 10 m X I m X 0.5 m with a single face ?10 and then terminated into SOa. The waveform was
m x I me) metallized. The gap in the metalliza- observed with a Tektronix 7834.
tion was 1 m X 1 m. The gap dimensions were
chosen to obtain the necessary hold-off vol age
(1-3 kV) and off-state resistance (: 500 KL). xpementl Results
Clear epoxy was placed over the gap to improve
voltage hold-off. In order to provide electrical Ga Resistance
connections, gold ribbon was bonded to the alumi-
nun using a thermo-compression type bonder. Gold Figure (3) shows a typical variation of the
wire leads (7 mil diameter) were then bonded to on-state gap resistance as a function of the
the gold ribbon. The finished device was mounted Nd:YAG optical energy incident on the gap. The
in a General Radio insertion unit (type GR 874X) off-state resistance is - 500 k11 . The optical
using indium solder. energy represents that part of the energy falling

on the exposed gap, and excludes the remainder of
Description of Lasers the beam which is incident on the metallized sur-

face or elsewhere. Reflection from the surface
(which is substantial and may be as high as 30%)

Two types of lasers were employed. The opt- is not taken into account.
ical parameters of each are briefly described.
The first was a Nd: YA; type with a pulse energy Note the decrease In gap resistance, caused
of 17 m, a pulsewidth of 24 ns, and a risetime by the production of more carriers, as the optical
of 20 ns. geam diameter was approximately 6mm. energy is increased. Seyond 50 uJ, however, the
A Pockels cell Q-switch concentrated the output resistance appears to be constant at about 2-3
within the 24 ns pulsewidth. Operation of the 1. An important point to be made here is that for
Nd: YAG laser was limited to single shot. The a 1 am X I m gap (which can support a voltage of
second laser was a GaAs type made by Optel (model several kilovolts), optical energies of 50 uJ or
SLS SO10) with a total pulse energy of 0.3 uJ, a more are required for efficient switching (90% or
pulsewidth of 5.5 ns, a riselime of 3.5 ns, and a greater). Measurement of the gap resistance as a
bean divergence of 10 X 30u. The maximum pulse function of voltage (200-3000 Volts) showed rela-
repetition frequency was 5 Kz. Energy output tively small variations.
for both lasers was measured with a TRG then@o-
pile, model 101. The optical pulse shape was In fact the required optical energy for the
observed with a high speed EGG photodiode, model laser is twice the previous estimate if one consi-
FNO-100. Neutral density filters calibrated for ders that the only energy which counts is that
both wavelengths were used to control the output which is in the risetime portion of the optical
energy. pulse. Assuming a half-sinusoidal wave shape,

then the required energy from the Nd:YAG laser is

Test Circuit approximatley 100 uJ.

The test circuit, in simplified form, is Figure 4 shows the gap resistance for the GaAs
shown in Figure 2. The test smple, mounted in laser. Of course, the gap resistance is larger
the coaxial line, is pulse biased to the desired because of the smaller output from the GaAs laser.
voltage. Pulse bias instead of dc bias was a- Extrapolation to energy levels needed for effi-
ployed (i order to avoid thermal runaway cient switching (90%) is difficult to estimate.
problems' which are present at the higher dc It appears, however, that slightly less excitation
voltages. Energy storage was in the form of energy, using the GaAs laser, is needed for effi-
either a SOn coaxial line (100 ns long) or a ca- cient switching. Pulse repetition frequenc-was
pacitor (0.6 uF). For measurements involving operated up to 2000 Hz (burst mode) with no
longer recovery times (> 100 ns), the capacitor changes in the output.
was chosen to insure furl voltage during reco-
very. For risetime, gap resistance, and shorter
recovery time measurements, the coaxial line sto- Recovery Time
rage was chosen. The bias pulse width for the
coaxial line and the capacitor were 30 us and 300 Figure (5) shows the recovery time (Nd:YAG
us, respectively, laser excitation) as a function of the optical

energy for several pulse bias values. The reco-
very time here is defined as the tip interval

Timing of the laser pulse was adjusted so between the termination of the laser pulse and the
that thelaser was switched on only after the so- point at which the semiconducar returns to its
miconductor and storage element were charged up high resistivity state. As mentioned previously
to the full voltage by the pulse bias. In the the time constant for the capactive energy
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storage is chosen sufficiently large to insure no Conclusions
loss in semiconducter voltage during the recovery
time. It is seen that the recovery is a strong
function of the energy, ranging from tens of Mi- Silicon targets, illuminated by Nd:YAG nd
crosconds when the energy is 25 uJ, down to z 1 GaAs lasers, were investigated for their switching
us when the energy is 0.5 uJ. As noted in Figure behavior. Measurements of gap resistance, reco-
(5) a substantial increase in the recovery time very, and risetime were obtained to help determine
occurs at the higher energies when the voltage is pulser limitations. With Nd:YAG excitation it was
increased from 400 to 600 volts, found that approximatley 100 uJ (contained in the

risetime portion of the pulse) are required for
Figure (6) shows the recovery time as a high efficiency( 4. 901) and low gap resistance ft

function of the pulse energy for GaAs excitation. 5-.). In the case of the GaAs laser the required
As may be. seen the recovery time was In the 13-17 energy level appears somewhat more promising
ns range. There was minor variation with bias (based on extrapolation of low energy measure-
voltage. ments). Any final conclusions, however, must

await planned measurements using higher energy
The recovery times shown in Figures 5 and 6 laser diodes.

are considerably shorter than previously reported
values for silicon, which gives a typical value For compact, high PRF pulsers the GaAs lasers
of 20 us. The reason for this may be the exis- are considerably more attractive, compared to the
tence of impurities in the material, which serves Nd:YAG type. As was noted, however, the GaAs
as additional recombination sites and effectively laser does not produce as much pulse energy, re-
reduces the recovery time. At the higher optical sulting in a drastic loss of efficiency. One
energies there sites become filled so the reco- possible approach is to reduce the required laser
very time is still long. In the case of the GaAs energy by operating the semiconductor in an ava-
excitation the extremely short recovery time ob- lanche mode. In this mode the laser is used to
served may be connected with surface utickleO the semiconductor into an avalanche mode
recombination sites. In the case of GaAs the ab- and relatively little excitation energy is requir-
sorption Is concentrated near the surface, so ed. Unfortunately the avalanche process is
that surface recomination takes on more impor- difficult to initiate without resorting to low
tance. temeratures. An alternative is the brute force

approach in which laser diode arrays (with the
number of diodes exceeding 25) are employed to

Risetime obtain high energy output.

Risetime of the output pulse was essentially Recovery times were much lower than anticip-
limited by the rfsetfue of the laser. In the ated. For the Nd:YAG they were a few microseconds
case of the Nd:YAG this mant a risetime of about (0.5-500 uJ excitation), and Sor tho GaAs they
20 ns, and in the case of the GaAs, a risetime of were tens of nanoseconds (10"' - 10 u). Bulk
3-4 ns. The fact that the risetime limitation is impurities and surface recombination are believed
determined by that of the laser is not surpris- responsible for the fast recovery. In any event,
ing. By illuminating the entire gap region the additional recombinations sites (done uninten-
carriers are created throughout the entire drift tionally in this case) are a definite aid in
region, the electric field collapses at the save reducing the recovery time, and thus improving PRF
time throughout the region, and transit time li- capability.
mitations no longer apply. In fact, if the
energy in the risetime portion of the optical Risetime was limited for the most part by the
pulse exceeds the minimm amount needed for effi- risetime of the laser: ' 20 ns for the Nd:YAG
cient switching, one should expect a risetime laser and 3-4 ns for the GaAs. The risetime of
from the semiconductor to be somehat less than the GaAs is limited by the driver. Development of
the optical risetime. This was not observed drivers with sub-nanosecond risetimes for higher
(Nd:YAG excitation), possibly as a result of the energy laser diode arrays is planned.
slow rate of rise in the early stages of the opt-Ic'.1 risetim.
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AREA EFFECTS IN THE BRMGI3WN OF WAER

SLJ3S0E TO LOM-TERM (-100 go) STRESS*

M. T. Buttram
SandiA Natijrnal 1aboratories

Albiquerquie, N Maxion 87185

Abstractcapacitor which is the tinm that E excoeds 63% of its

The breakdown of water subjected to long term fm"M value, mnd a is -V3cap.ctor plate area in
(-100 jis) stress has bqn studied for water capacitor e. rnatly t t of E disppers
areas of 80 and 400 cre at a 1 an spacing. A hyster- between one and ten milconds giving way to a mch
esis-like behavior was observed. A sample with a flatter time variation. Equation ; predicts a break-
miniau initial dielectric strength, E, - found to down field of 31 XV/cm for an 81 m sple at t =
continue to break down to 60% of E after an initial 250 ps. Instead the strength is measured to be
spark. The TI initial breao field was found 150 kV/cm for this relatively small capacitor area.
to scale as A Ywhere A is the plate area. The dependence of E upon capacitor plats area for long

pulses is presently unNnow. Mesuramnt of this area
Intuon effect for long pulses is the 9=a of the experinent

reported in this paper. In addition, eom of the
The goal of the work reported in this paper is to problem inmolved in handling larger volumes of

measure the effect of capacitor plate area on the ultra-pure, chilled water in a pulsed per envirmunot
electrical breakdown strength of very pure, chilled will be explored. Both typea of data will be valuable
water. water is the most common dielectric used in for designing future high energy pulsed por devices.
the current generation of high power, high-enorgy
pulsed power system. Unfortunately water capacitors The experiment has two major parts, a) a pulsed
normally are unable to hold a charge for more than a pier systou capable of charging the test water capaci-
few microseonds. Thi severely constrains the design tor to 350 kV maximun and holding that voltage for a
of water dielectric pulsed poser systems. As an ex- controlled duration up to 10 0 li and b) a water purifi-
ample, if a 100 J system mst be charged in one cation system capable of maintaining the water in the
microeseono, the average powr of the charging syte test capaci.tor as near to 80 Mn -am and 0*C as is
mist be 10 watts. At present this limits the practical. The pulsed powr system consists of a
options for the charging systm to Marx generators, 10 kJ, 1 V Merx generator cnected to the water
which implies spark gap switchn and potential re- capacitor through a damping resistor. A triggered
liability problem. If the charging tiue could be crowbar limits the pulse duration. Water purification
extended by two to three orders of magnitude other requires a high flow (30 gal/mn) ion exchange bed and
options, such as direct charging from a fast discharg a -acuu doeratar to remo'v residual C02 from uolu-
mchanical store through a slow pulse transformer, tion. To achieve 0"C, a 30000 E1'/hr chiller was
might become attractive. The problem with water as a required, together with sme care in thermally insu-
dielectric is its low resistivity, typically latin; the tankage. Data w11 be talpm with a sequen
2.5 MO-au in conventional pulsed poer syst a . of capacitor Vreas of 80 aiw' , 400 cu', 2000 o n,
Voltage applied to a water capacitor drays through and 10,000 on'. Thus far results are available for
the internal resistance of the capacitor with an the smaller areas only.
exponential tim constant - - o Where o and e are re-
spectively the water resistivity and permittivity Description of the Experiment
(90E ). For 2.5 M-a -- mwaterT is 18 os and every
micreooo=ii 10% of the energy in the capacitor is a) Pulsed Power
lost.

Te pulsed power systom charges the water capaci-
To improve this situation 0 must be substantially tor wtcoee dielectric strength is being measured. The

increased. At rom temperature large volume of ater interpretation of the results is simplified by applying
can be maintained near 18 M12-cm if proer care is a square puls. This wa achieved with the circuit of
taken. To achieve higher resistivity the temperature Figure 1 . A Marx generator which for the present
mt be loered, with , purpose may be mdoled as a capacitor c. and inductor
80 Mn-am for 0C. The dielectric constant inre L. in parallel with resistor PM, chargek the test
slightly at well to 90 giving T a 640g.s as a praeti- capactor CT. Because of the serie resista RDecal limit. (Ice has a substantially higher resis- the discharge onasists of a transfer of charge between
tivity but its frequency response is poor and It is = &n ci until both com to a =mon voltage VF.
unsuitable for plse powr applications.) tf'ersatr the comn voltage decays as the caLcitos

slowly discharge thrigh the internal resistance
of the r r d , the internal resistance

of J7. c. ri be the b s gth, of the water capacitor. Aftir the initial discharge,
E (MV/m), of water, the charge originally stored in CM in shared behwen

Cm and C. The final Voltage isSv- Vo /(C.A + C ) ere vM is the initial
tvoltag on CM SoMetime Vj is too large even at

C A K. (1) the smallest practical V- (-500W). in these instances
an additional (oil) capacitow Ca is placed across CT

K is 0.3 or 0.6 depending upon whether the field E is to reu V7 as required.
measured at the positive or nsetiv el'ctrods, t is
the effective time that the field is applied to the The expernt uses an existing 16-stage 1mrx

generator modified Aor long pulse service. C is
22 nV. The maxism value of V is 100 kV.

'it, spomsored by the Noval Surface electric field in prallel plato capaitor CTWapons Center, Dlgrsn Labs., Dign, VA. under with a A (square itimters) and spacing
Wft Order N6092l8-WR-I005. d (contipgters) is
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Keaepin the purified water near O°C requires an
=p Vo  Vo  (2) estimated 20,000 Btu/hr of ddkier capacity to be

_______ - provided by the system sowcn in Figure S. The dller

d + EA d + 3.3 x 104 A is rated at 30,000 Btu/hr "z OC (water temperature).
Refrigerant is fed to an evaporator located along one

CM wall of the water campartment. Water is p4qas down-
ward thrugh the evaporator coils and ruoved fram the

There is a maximum spacing d beyond which a given value tank at the top on the opposite side. The goal of
of E. cannot be reached. As an example, if Ep - 175 using this arrangement is to establish an upard flow
kv/ca is an upper limit on the field likely to be pattern thro the test capacitor. The water is
required based on the data of Reference l, then for V t pwped to the dsionizer system.
- 1000 kV, d cannot exceed 2.4 cm. Thus the typical
plate spacing in the water capacitor must be of the Tankage -a prepared by partitioning an existing
order of 2 C. At 2 C CT is 36 nF, and the energy stainless steel tank attached to the Marx generator
stored in CT at peak charge is 2.6 kJ. The initial into two 420-gallon compeaunmts. The tanks are
energy stored in the Marx generator is 11 V. lined with PMJ plastic to minimize leachin of ions

from the walls which would be a severe prob. e even
The waveform. on the water capacitor as calcu- though they are stainless stsel. One oaiertort

lated for the circuit of Figure 1 is given in Pigure holds the test capacitor, the second serves as a
2. It rises in 2 to 3 microseconds and drops 12 holding tank for the clean, cold water. There is only
percent in 100 gs. At that point the Marx gnra- one evaporator, the am in the capacitor tank. No pro-
tor is generally crowbarred. An experimmtal wave- vision was made to chill water in the holding tank.
form is shown in the lwer trace of Figure 3. Peak However, the walls of both tanks are lined with 3" of
voltage in this case in 320 kV, corresponding to an foam insulation Which maintains the water temperature
open circuit Marx voltage of 800 kV. The uper trace for a reasonable time.
shows timing marks in coincidsnce with the Marx gmnr-
ator trigger and the crwbar. The masture pulse In operation the chiller has proved capable of
droop is I5 percent cqared to the 12 percent freezing water in the evaporator assembly unless the
expected. temperature is monitored and the chiller is

turned off when the temperature drops too low. The
This waveform is from a run of 1200 shots at a demerator assembly only needs to be run occasionally

rate of 1 pulse per 5 sec. This particular rn van and is valved out of the system during data runs.
terminated by a failure of the resistive voltage morti- The deicoizer must be run contionasly to maintain
tor. Devloping a monitor capable of hanling the water quality. water resistivity is masured with a
stress of this long pulse for l runs has proven parallel plate water resistor located just beyond
difficult. A capacitive divider is now in use. the recirculation pump (see Fig. 4). The water tomper-
Another problem is pretriggering of the crbar SWit atiure at this point is 5 to 6C womr than in the
Electrical noise frcm the firing of the Marx generator tank. Since the water resistivity follows the curve
occasionally pretriggers the crowbar trigger syste., of Reference 1, tank resistivity can be estimted using
A bias crxol which turns off the crowbar trigger the tank water tmperature. It is near 80 M -an.
wte the Marx is fired has been developed but is not
completely effective in preventing crowbar prefires. Rmits

To allow processing of .',rge statistical samples Data have been taken with tst capacitor diameters
of water brekd data incl-,ing a msasurement of of 10 SM 22.5 cU (80 and 400 ae areas). The edge
the time to breakdwn, it was necessary to develop an radius in each case was 1.27 cm. The plates ware
autommtic data acquisition system. To distinguish made of 304 stainless steel. So= initial data with
crwbar prefires from wtater broalowns current shunts the mailler capacitor ware taken at a 4 om spacing
ware installed in the crowbar circuit and on the ground where the field eianomeant factor (FW) at the edges
return from the water capacitor. The Prsence or of the capacitor is large. grea)one tanded to
absence of a crowbasr current SMd the sign of the capac-- concentrape near the outer edge in this case. Most of
itor current each produce an unambiguous signature the 0 c data were taken with the 1 C gap son in
distinguishing cro0arring from water breakdon. the field plot of Fig 6. The field enow factor
This gives a twofold redundancy to the mesurement. in this configuration is 2%. For the 400 c ample

shown in Fig 7, a 1 an spacing also corresponds to a
b) r 2% W. The allowable upper limit of the field

enhancuent for this experiment was arbitrarily set at
The water system consists of four major compo- 10%. Typical water conditions were temperature lowa

nenta, i) a mixed resin bad dalonizer, ii) a vacuum than 2*C and resistivity greater thn 70 Mfl-am
deaerator, iii) a 30,000 Btu/hr chiller, and iv) bo
420-gal thermally insulated tanks. The doicniser The first data taken ware approxiately 650
('poliJssr) assembly is diagrammed in Figure 4. puls on the go 8 capacitor near 100 kV/ca
water from the experimntal tank is passed throu*1 with a 4 cm spacing. During this Period diagnOstiCs
bw to four parallel 15 gal/mn mixed bed resin were being developed. Generally the water oe down
dsioiisera. After doicnizattn the water is alt1o4i there was one sequec of 170 pulse with
sterilized (99.9% bacteria kill) and filtered out any broa)tra.
(0.2 micron) and returned to the capacitor tank.

Next the capacitor spacing was t --e to I as to
water leaving the deionizer Is nearly free of ions limit the field uiwxinxMt at the e91. A 75 nF

ext for dissolved OD (catmic acid) which th ccitor, CS, was added in parallel with the Marx
resin bods remove relatively inefficiently. a)2 and generator to lower the output voltage. Fo:ty-eisft
other dissolved games are removed by spraying tFe water losi were taken at 97 W/ca. The water cacitor
into a vaouum vessel (darator) mmintained by a modest spard on the first eight pulses. On the rumining
rouphn pu Which mast be isolated from the water by 40 pulses the capacitor did not rek dn.
a cold trap placed bebmen the deserator SM pap.
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Next a series of 250 shots at fields fran 94 to TABLE I

145 W/n resulted in no water breakdowns. At
163 kV/cm the first 9 pulses did not spark the capaci- capacitor Minium Maximum
tor. Nenty-nine subsequent pulses all led to break- Plate Breakdown Holdoff Hysteresis
downs. After this run the sample was left unpulsed Area Field Field Range
in the water for 6 days. At the end of that tim the
sample would no( =eak down until a 182 kV/an field 80 Q 110 eV 180 leN 60%
was applied. CO

Subsequently the breakdoon of the 80 ct 2 sample 400 70 120 60%

was found to follow a 'hysteresi-like" loop. Fig 8
is an attempt to illustrate what happens. Beginning
at 109 kV/an 10 pulse samples were taken with no Conclusion
breakns to 182 lV/cn. No breakdowns in 10 pulse.
limits the breadlown prolabiity to low than 30%. Water breakdown has a *hysteresis-like" behavior
At 182 kW/ca 92 shots were taken. On the first in that a field that will not break down a properly
pulses no broakmw occurred. Thereafter the capaci- conditioned capacitor will cause breakdown with 100%
tor broke down on every pulse. After waiting several probability once the capacitor has been sparked. No
minutes for any residual debris to flush from the amount of flushing of water through the capacitor (for
gap a series of 20 shots at 182 kV/cm again resulted example one hour corresponding to five volume changes)
in 100% breakn probability. Thereafter the field will prevent breakdowns. This implies that the capac-
was reduced in runs of 20 pulses, all of which itor plates rather than the fluid retain a "momary"
resulted in 100% breakdown probability until of pre,',ous sparks. Long term exposure (6 days) to
109 kV/n was reached. At 109 kV/cm the capacitor the ultra-pure water may return the capacitor plates
broke down on the first pul es, then breakdown stopped. to a conditioned (non-breaking) state. This could
Subsequently no more breakdowns occurred at this result fram chenical destruction of spark inception
field. The field wa then raised in 9 kV/an at sites by the water. This hysteresis ws observed with
with 100 shots at each step. Again no breakdowns capacitor plate areas of 80 and 400 can for which the
occurred until 182 kV/an At 182 kV/an swen -ix fields at which breakdown began and quit are given in
pulses without breakdwn were followed by 24 in all Table 1. If the reduction in maxiun holdofl. field
of which the water sparked. The field was lored and minimun breakdown field in the larger srAple is
to 127 kV/cm then to 109 kV/cm but this time break- attributed to an area effect such that the field is
down did not stop after 100 pulses at each field. inversely proportional to area to a powr, that powr
The experiment was terminated at this point due to is 0.25 fra these two data points. The preliminary
arcing of the transfer resistor R. nature of these data needs to be emphasized.

Once breakdow had occurred the sample continued Figure Captions
to break with virtually 100% probability until the
field was reduced to at least 60 to 70% of the initial 1. Electrical Schematic of the Pulse P"r Systnem
breakdown field. Peak discharge currnt the 2. Computed Voltage Waveform on the 10" an Water
sfuple in the initial breakdown was only 160 to 180 Capacitor
aqe in a 10 gs exponentially decaying waveform. 3. Experimental Voltage Waveform on a Durm
Nevertheless sufficient "damage" resulted to "decon- Capacitor; Peak Voltage is 320 kV.
dition" the electrodes so that subsequent breakns 4. Sdeatic of the Water prooeing System

occurred at much lower fields. Because of the 5. Schematic of the Chillea and Water Tank Assembly
location of the sample inside the water tank it is 6. Field plot of the 80 an' capacitor at a 1 an
Impossible to say that there are no small bu les on spacing
the electrode surfaces to act as spark initiation 7. Field plot of the 400 ct2 capacitor at a 2 am
sites. However, it was oerved that few bubbles spacing
wore produced, as fu, bubbles were rising to the 8. -Hysteresis" loop breakdo for the 80 c 2

surface following a spark. Bubble production may sauple. The arrow indicate the order in which
have been reduced by deasration of the water. the data were taken.

Qualitativ ly equivalent results were obtained Rfrne
with the 400 an sample at a I on spacing. Initial
breadon oourred at 120 XV/an and once breakdown had 1. D. B. Fennoman and R. T. ripshoaer, "Electrical
occurred the capacitor arced on every pulse. Break- Performance of Water Under Long Duration Stress."
dn ceased at 70 kV/an. Again the "hysteresis Proceedings of the 1990 14th Pulsed Power
range," defined as the field at which breakdown odulator Symposium, Orlando, FL, 1960.
ceased divided by the field at which it began. was
601, precisely as observed in the 80 o s=awle. 2. J. C. Martin, "Nenoescond Pulse Techniques, "'"
The*@ data are smmarized in Table I. The most Report SACMJ0/49, 1970 (unpublished).

c difference betwen the results at 80 and 400
m' t areas was the reduction in the fields at

which breakw began fron 180 le/an for the emaller
capacitor to 120 W/n for the larger one. if on
ascribes this to an area effect such that the break-
down field is inversely proportional to plate area
to s powmr, that power is 0.25. obviously these
data are preliminary and the value of this pomr may
well change as more data are aomumalated.
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WATER/GLYCOL MIXTURES AS DIELECTRIC
FOR PULSE FORMING LINES IN PULSE

POWER MODULATORS

R. J. Gripshover and D. B. Fenneman

Naval Surface Weapons Center

Dahlgren, Virginia i2448

uimpact on the design in the light of other design
limitations and goals.

Experiments are described which indicate good
potential for the use of cooled ethylene glycol/water In the next section the electrical properties of
mixtures as dielectric in the pulse forming lines of glycol/water mixtures are presented. In the last
high power modulators. Purification of these mixtures section, the way the electrical properties impact the
by conventional deionizing techniques is found to design of devices in the light of other external con-
produce resistivities more than 60 times greater than straints is presented.
the theoretical maximum of pure water. The long-term
electrical strength is found to exceed the strength Electrical Proerties of
of pure water. The variation of resistivity, Gdl-col/Water Mtixtures
dielectric constant, Deby. relaxation time and
electrical strength with temperature and mixture ratio The properties of major interest to the designer
is presented. of pulse power machines are the intrilisic time con-

stant, T (a quantity closely related to the conduc-
The ability of these cooled mixtures to hqld tivity), the (complex) dielectric constant er, and

charge for long times can simplify the design and the electrical strength Emax. This section presents
reduce the cost of modulator charge circuitry. How the results of measurements of these quantities and
the other electrical properties of these mixtures their variation with temperature and mixture ratio.
impact the design of large-scale modulators is The liquid conditioning apparatus is diagramed in
analyzed. Figure 1. The main loop is continually run to insure

temperature stability and to maintain the highest
Introduction possible deionization. The deaeration loop is run for

the day preceding testing, but not during testing.
At the last symposium

1
, we reported finding that as it hampers the cooling process. A more complete

with conventional purification techniques, the con- discussion of the apparatus and methods is found in
ductivity of water cooled to near 00 C could be reference 3.
reduced to the point that water could be charged to
fields in excess of 10 MV/m for time periods extend-
ing to 100 microseconds with only about 10% ohmic
heating loss. Because long-term charging of liquid
pulse forming lines (PFL's) reduces demands on
charging circuitry, this suggested that the first
intermediate energy store (e.g., a capacitor bank or
Marx bank) might not be required. Unfortunately,
even 100-microsecond charging tines are still about a
factor of ten too fast to consider PFL charging by
rotating machinery. Further cooling of water freezes -

it and results in loss of dielectric constant, so
this performance is an absolute limit for that
liquid.

The conductivity of pure liquids is due to a
dissociation reaction, e.g., in water:

HOH - H 3 0* O- 1

which produces the charge carriers. The charge
carrier density from this reaction is exponentially

dependent on temperature and is reduced about a . UW

decade for every 300 C of cooling. The use of
freezing point depressant polar liquids in water Figure 1. Liquid Conditioning System.
imediately suggests itself as a means of achieving
lower conductivity polar liquids. The maximum Intrinsic Time Constant
freezing point depression is 500 C for the 60/40-by-
weight mixture of ethylene glycol/water

2 . This The intrinsic time constant of a liquid is defined
promises that PFL charging times in excess of a by
millisecond could be achieved.

* Crp - C/7 (1)
The purposes of this paper are to: (a) present

data to s;;ow that the cooled glycol/water mixtures do where o is the resistivity, a is the conductivity,
display the expected exponential increase in Cr is the relative dielectric constant, and
resistivity as a function of tomperature, (b) present co - 8.8SX10

12 
F/m in SI units. It is more convenient

expected values of the electrical properties of to discuss the conductive properties of the liquid in
interest to the designer of pulsed power machines, terms of the intrinsic time constant rather than the
and (c) indicate the way these electrical properties resistivity, as it is measurable directly and relates
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directly to the ohmic heating loss in the liquid.'T
Figure 2 displays the character of the intrinsic •
time constant, and how it is measured. It can be
shown that the energy lost to ohmic heating in *

charging a liquid over a time period tc divided by % •"%"
the energy stored at the end of the charging period .

is

W ohmic tc (2)'C *%%a:%=a (2) •••.

stored

where a is a dimensionless constant which depends
only on the charging waveshape and which has values e"C. -. ,

ranging from 0.5 to 1.0 for commonly employed charg- *
ing waveforms.

INTROSICIMS CONSTANT T Figure 3. The Intrinsic Time Constant of
Glycol/Water Mixtures.

C Ue.- -- Rc(T,w) - c.(w)

E (w,T,w) - c (w) + w (3)r 1 + jwT D(T,w)

V421 - V.."'

*.v where es(Tw) is the static dielectric constant of the
liquid, e (w) is the dielectric constant at infinite
frequency, which we take to be the square of the index
of refraction:

( h e (w) = n0 (w). (4)

E (w) has negligible temperature dependence. To(T,w)
is the Debye relaxation time and represents the

characteristic exponential time for a randomly oriented
SINME .P,4oINT oFS IU MIe~RVPOHMICMEIUM 4 -Tel dipole to line up with a suddenly applied electric

field. The simple theory assumes that this character-
Figure 2. Measurement of Time Constant. istic time is the same as the time for an aligned

dipole to change to random alignment upon the sudden
Voltage Vo is impressed on electrodes immersed removal of the aligning field. This can be expected

in the liquid. When the voltage source is removed by to show temperature dependence.
opening the switch, the voltage decays exponentially
as shown. The intrinsic time constant is the time The Debye parameters cs(T,w) and TD(T,w) were
for the voltage to fall from 10 volts to 3.68 volts determined by measuring the complex impedance of a
(-10/e). This time is shown as the duration of the small coaxial probe immersed in the liquid using a
4 volt square wave. This time is also displayed in Hewlett-Packard 4815A RF vector impedance meter. The
tenths of microseconds in the upper right. Oscillo- impedance of the probe is
graph tine scale is 10 milliseconds/division. The
liquid is 60% by weight glycol at -36o C.

Figure 3 shows the results of measuring this - Zr jZi - j(wL - lCor(ww)) ()

quantity for various weight fractions, w, of water/
glycol mixtures as a function of temperature. The where L is the inductance of the probe and CO is its
results indicate that these cooled liquids can sup- empty capacitance. Any real losses in the probe due
port fields with low loss for periods extending into to skin effect or radiative resistance have been
the millisecond time Zrame. This confirms the neglected. Substituting the Debye expression (3) and
expected dramatic reduction of the charge carrier separating real and imaginary parts results in
density with temperature. These very optimistic re- 2
suits are tempered somewhat due to the discovery of I - (WTD) wL - Zi
a new decay mechanism operative at high voltages- wCo s  _ (6)
charge injection. This somewhat complicated 0 5 jwL! 2

phenomena is briefly discussed under High Voltage 1s 0
Measurements. 1 !c D) 2

Dielectric Constant wD .- 0 Zr (7)
D0C wL -Zi

In the least cmlex formulation of the Debye I
theory of dielectrics, S the dielectric constant is

considered a complex fhumber which depends on the These equations can then be solved recursively for the
frequency content of the applied electric field, the quantities es(T,w) and TD(Tw). Measurements of the
temperature, and, in the case of mixtures of polar complex impedance were made over the frequency range
liquids, on the weight fractions of its components: 0.S - 108 M4z. Figures 4 and 5 show the results of
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the measurements. The values of -s(T,w) agree well derivative of voltage with time. This anomalous be-
with measurements by Akerlof

6 
for T > 200 C. The Debye havior is now fairly well understood to be due to

model was found to represent the frequency behavior charge injection. It is explained in detail in
over this broad frequency range very well (within reference 7. Briefly: Charge injection decay occurs
- 2%). The Debye relaxation time, while displaying when, under the action of high fields, part of the
exponential increase with decreasing temperature, does surface charge detaches and enters the bulk liquid.
stay below a nanosecond, indicating that the fluids Under the action of the field, the charge is then
are effective for the few nanoseconds of rise time re- transported to the opposite electrode. The character-
quired for some applications. istic time for this decay is the transport time for

the detached charge to travel between the plates:
"T - t 2

.~~ ."--. tr -I 7" u V

+ --.... 4% where t is the plate separation, and P is the mobility

of the injected charge. The charge injection decay
mechanism will dominate the decay when ttr " lte

*1-.~ ~ .. Note that this decay mechanism depends on the plate
-= geometry and voltage, whereas intrinsic decay is
-. solely a property of the liquid. Since large liquid-

/ filled PFL's can be expected to have electrode spac-
ings in excess of SO m, charge injection is probably
not of crucial importance in single-pulse devices. In
repetitive systems, more research is required to under-

stand its importance.

Figure 4. The Static Dielectric Constant of PO
Glycol/Water Mixtures. I L

Figure 6. High Voltage Test Circuit.

T
T

of Glycol/Vater Mtixtures. o .Figure 7. Decay of High Voltage in
High Voltage Measurements Glycol/Water Mixtures.

The glycol/water mixtures were tested in the high In the above figure, the left column shows decay
voltage circuit shown in Figure 6. This is the same at room temperature at low Ca) and high (b) voltages.
circuit described in reference I and used for the long- The right column shows decay at low temperature
term water testing. Probe P2 is a capacitive probe (-100 C). In all cases the voltage decay is faster
which has a droop time in excess of 0.1 second. In than indicated by the value of T. The anomalous decay
high voltage testing with these very long stress times, apparent for the low temperature case is due to charge
a now decay mechanism becomes apparent. Figure 7 dis- injection. Capacitor (P2) probe constant - 64 kV/V.
plays the decay waveforms for glycol/water mixtures at The liquid is 80% glycol.
low and high temperatures for low and high voltage.
At high temperature it is seen that the voltage across Electrical Breakdown
the plates bleeds faster than would be indicated by the (
intrinsic time constant. At low temperatures the decay When the voltage on the test plates is increased

is more complex, showing a change in the sign of the beyond a certain value, electrical breakdown in the
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liquid results. At these very long stress times, the 10 kHz the system must be recharged and be ready to

field at breakdown and the time at which breakdown fire again in less than 100 ,sec). For long charge
occurs no longer have a clear functionV3 inter- times the intrinsic power gain is greater, thus re-
dependence such as the familiar Emax tiff - constant quiring less peak power from the prime power source -
for short (- 1 usec) pulses. For the long-pulse test- an obvious advantage. The longer charge times also
ing, Emax was determined in the following way. In permit the use of rotating machines such as homopolar
reference 1, it was found that onset of breakdown for generators, alternators, and rotary flux compressors.
pure water for the same electrode area was about 13 Typically, these rotating machines can supply milli-
MV/m. The technique used to determine Emax for the second pulses (the active rotary flux compressor is
glycol/water mixtures was to apply the stress of usable to - 100 usec at reduced efficiency). Rotating
13 MV/m at which pure water would begin to break down machines are inherently repetitive devices and

(breakdown probability - 0.1). If the mixture sur- potentially offer many advantages in size, weight, and
vived ten tests at this level, the stress was increased reliability.
0.5 %tV/m and ten more tests made. The maximum stress
was increased in this manner until a breakdown was By varying the dielectric constant of the liquid
experienced. Emax was then defined as the maximum dielectric, the characteristic impedance and the pulse
stress applied to the plates which did not result in length of the pulsed power machine can be varied
breakdown for ten successive tests. The results of (however, not independently). If the characteristics
this testing technique are summarized in Table 1. Be- of the load are not fixed, the pulsed power system
cause of the variation in temperature and mixture designer has many options in designing his system.
ratio, and due to the phenomenon of charge injection, Even when the load impedance is fixed, there are many
the effective time of stress application varied over trade-offs which must be made that affect efficiency,
a considerable range. Thus, each value of Emax has an voltage reversal in the load and PFL, size, cost, etc.
effective stress time associated with it. Following We will now describe some of these trade-offs.
historical practice

8
, the effective stress time, teff,

is defined as the time for which the applied stress Consider a coaxial PFL of length L, inner radius a,
exceeds 63% of its maximum value. In Table 1, teff and and outer radius b discharging into a matched load as
three figures of merit - Emax , Wmax, and A - are listed shown in Figure 8. The characteristic impedance is:
for the various mixtures tested, where b 60 n

. if 2 c g 7 -1()

max " ocr max (9)

where e e oer , r - io and (po/to0) -377 ohms.
A W max • eff (10)

Because of the limited data base for these tests,
the absolute values for the various figures of merit I I

mst be considered fairly (say 20%) uncertain. Never-
theless, we conclude that all the giycol/water mixtures
have electrical strength figures of merit as good and - --
quite possibly better than pure water. 3 2-

Table 1. Electrical Strength T
of Glycol/Water Mixtures.

w I IT t. , W_, A Figure 8. Coaxial PFL.

7 C' W I 7( I *k 1 a The highest electric field in an idealized coaxial

a 0 M It 7 a structure occurs at the surface of the inner conductor.
-11. 79 .69 IL a. A If Vuax is the breakdown voltage of the PFL, the maximum

a 3 0 .3 .10 I OL u. electric field is given by
-a. I I&.U .1, 14. 6. I

• a .e .0 21. 1. V
-U1s U .U 12 U. 7. E (12)

2. aW a . wA max a Znba (

-umfl6o BVMXFTu iMeDARM It can be shown that the maximum voltage on the PFL for

Design Considerations a given Emx and outer radius (b) occurs when the ratio
of the outer to inner radius is b/a •e 2.72. With

The two principal thrusts of this work are: this ratio, the maximau voltage is:
(a) relatively long charge times are possible using b
water and water mixtures; and (b) system impedance can V b * E . (13)

be varied over a wide range without making changes 
in max e max

its geometry. We will now discuss some of its implica- Note that the maximum voltage per unit outer radius
tions of these facts for the pulsed power system depends only on Emx. The impedance at this ratio will
designer. For the sake of brevity, we will consider be dependent on the dielectric constant of the material
coaxial PFL's discharging into matched loads. However, as is shown in Tables 2 and 3.
most of the conclusions still apply either directly or
in a modified form for PPL's of other geometries. We Maximum power output for a liven E. and b is ob-
will also address the question of impedance mismatch tained when b/a a /j * 1.65. With this ratio*
toward the end of this discussion.

The long charge times are irrelevant if the Pu ma ba (14)

repetition rate is high (e.g., for a repetition rate of P. (4).2.60e 1305
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where P. is the maximum output power of a given PFL. 1 terawatt for 1 psec, into a matched load. Some of
Note that Pm depends on the square of Emax and b and these designs are clearly impractical (e.g., the SO-
on the square root of the relative dielectric constant ohm water line with outer radius b - 329 meters!). The
of the dieJectric. intent of these tables is to indicate the range of ap-

plicability. We will now point out the highlights of
In many applications, the principal factor in the these tables.

cost of a PFL is the total surface area (TSA) of the
inner and outer conductor ETSA - 2rt(b + a)] A mini- The charge voltage (Vc) for a given impedance and
mum total surface area is obtained for a given Pm, Pm is constant (since V2 - 4 PmZ). and increases with
Emax, Er, and b when the ratio b/a - 2.09. With this the square root of the characteristic impedance
ratio, (Vc - /ZC). If the charge voltage is divided by the

2 a  
2 outer radius, it reaches a maximum for b/a = e, as

Pm 7 max b
2  indicated above.

1423 The inner radius monotonically decreases with in-

creasing Zc(a -/K- for a giver. Pa, Emax, and Er). The
Again Pm depends on the square of Emax and b and on the outer radius b -is a minimum for a b/a ratio of 1.65
square root of Er. For a given er, Emax, and b the (maximum power per unit b). To obtain the maximum
maximum power output is lower, but only by about 8%. power for a given outer radius, this b/a ratio must be

used. The tables show how b becomes impractically
On the other hand, if the load impedance (and large for high impedance water lines and low impedance

therefore Zc for a matched load) is specified, the air lines.
minimum TSA is obtained when the ratio b/a - 9.19.
Then the maximum power is given by: The total surface area varies nearly the same as

E2 b2 b, except that it minimizes for a b/a ratio of 2.09,
max b as indicated above. The total surface areas listed

M c (68.63) (16) for the water lines with impedances between I and 10
ohms are practical.

This requires that the dielectric constant satisfies The dielectric volume monotonically increases with
impedance. This is expected since at very low

60 b 133 impedance the inner radius approaches the outer radius
a =n (17) and the field distribution between electrodes becomes

c uniform with little field enhancement at the inner
conductor. Hence all of the dielectric can be stressed

Tables 2 and 3 will help clarify these results, to near the breakdown field. Since the dielectric is
In these tables, basic designs are presented for PFL's expected to be the least costly item in a large system,
whicn will supply a megajoule pulse with a pulse it is not important to minimize its volume.
length of I iusec (. 10 2 watts for I Usec). For these
designs, the breakdown strength of the dielectric is If the load is not matched to the PFL, reflections
assumed to be 100 kV/cm. Table 2 is for water with will occur at the PFL/load interface. This results in
Er - 80; Table 3 is for air with cr - 1. lower peak pawer in the load. The reflected power will

return to the load at a later time (unless difficult
In these tables, the major design parameters are precautions are taken) and is, at best, wasted. At

given as a function of the ratio of b/a. The ratios worst, it is very detrimental to the load. It can
for maximum power per unit b, maximum power per unit cause voltage reversals in the PFL and load which are
surface area (for a given cr), and the maximum voltage frequently very undesirable.
per unit b are listed along with ratios which give
representative impedances on either side of these These undesirable aspects of mismatching the load
values. Note that the impedance values for reasonable and PFL sometimes can (or must) be accepted. We will
b/a ratios for the water line are in the 1 - 10 ohm therefore now briefly discuss the energy transfer into
range, while the impedance values for reasonable values a mismatched load. We will define the efficiency as
of b/a for the air line are in the 10 - 100 ohm range. the energy dissipated in the load in the desired pulse
The only change is the dielectric constant of the time (the electrical length of the PFL) divided by the
liquid dielectric. For low impedance loads a high total energy stored in the PFL. If x is defined as
dielectric constant is desirable; for higher impedance the ratio of the load impedance R to the characteristic
loads (> 50) a lower dielectric constant is impedance Zc of the PFL (x - R/Zc), then it can be
imperative, shown that the efficiency is given by

The length of the PFL is
E= 4x (19)

v t ( )2
, p (18)

2/7 2(3
77
)tO c'r Note that for x - 1, the efficiency is 1 as it should

be. The function 4x/(1 x a)
2 

is relatively slowly
where tp is the output pulse length and v is the propa- varying. For example, if x - 2 (or h), the efficiency
gation telocity. Hence, as soon as the pulse length' is 89%; if x - 5 (or 1/S) the efficiency is 56%.
and Cr are specified, the PFL length is determined.
The line length is inversely proportional to the square This paper has shown that any dielectric constant
root of Cr; for long pulses practicality dictates that between - 35 and 90 is available to the pulsed power
Cr be large, which implies that the line will be a low system designer. Other water mixtures should extend
impedance line. A wate? line of 16.8 meters length is this range to - 10 to 90. Values above 90 seem im-
practical for 1 usec pulses; however, a 1SO-mater air probable for conventional liquids. Note that the above
line is of questionable practicality, equations for maximum power are all proportional to .

the square of the electrical stren-gth. Significant
In analyzing Tables 2 and 3, keep in mind that all improvements would be attained with even modest in-

of the lines listed will deliver an output pulse of crease of this important parameter.
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Table 2. Design Parameters for One Megajoule, One Microsecond PFL.
WATER: cr r 80, E - 10 MV/m, Length = 16.8 a.

Max Power Max Power Max Voltage
b TSA b

b/a 1.015 1.16 1.65 2.09 2.72 4.44 1726

Zc (0) 0.1 1.0 3.4 5.0 6.7 10.0 50.0

Charge Voltage
Vc (kV) 632.5 2000 3688 4472 5177 6325 14,142

V- (V) 147 1282 3048 3549 3672 3364 43

a (m) 4.24 1.34 0.73 0.60 0.52 0.42 0.19

b (m) 4.30 1.56 1.21 1.26 1.41 1.88 329

TSA (m
)  

900 305 204 196 203 243 34,672

I DielectricVolume (3) 29 1 3 49 65 90 177 S,697,835

Table 3. Design Parameters for One Megajoule, One Microsecond PFL.
AIR: cr ' 1, Ema x = 10 MV/m, Length - 150 m.

Max Power Max Power Max Voltage
b TSA b

b/a 1.002 1.017 1.18 1.65 2.09 2.30 2.72 5.29

Zc (n) 0.1 1.0 10.0 30.0 44.2 50.0 60.0 100.0

C(arge Voltage 632.5 2000 6325 10,954 13,297 14,142 15,492 20,000
Vc (kV)

- - 17 164 1409 3034 3527 3626 3680 3150

a (i) 37.9 12.0 3.80 2.19 1.80 1.70 1.S5 1.20

b (m) 38.0 12.2 4.49 3.61 3.77 3.90 4.21 6.3S

I TSA (m
2)  

71,493 22,779 7792 5463 5250 S27S 5425 7117

Dielectric

Vo1loae (.) 2261 2296 2680 3SR1 5178 S822 7219 18,341
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HIGH REPETITION RATE, LONG LIFE CAPACITORS DEVELOPED

FOR LASER ISOTOPE SEPARATION MODULATORS
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Maxwell Laboratories, Inc.
8835 Balboa Avenue

San Diego, California 92123
(714) 279-5100

Abstract

An atomic vapor laser isotope separation (LIS) program, it became quite clear that within the laser

research program was undertaken by Jersey Nuclear-VCO pulse power system, a number of components were

Isotopes, Inc. (JNAI) to design a commercial uranium critical in meeting overall system reliability and

enrichment plant. Jersey Nuclear-AVCO Isotopes, Inc. life goals. Among these critical components were the

was a joint venture by Exxon Nuclear Company and laser pump energy pulse capacitors- Cp as shown in the

AVCO-Everett &esearch Laboratory, Inc. Exxon simplified schematic of the laser modulator in Figure

concluded its research and development activities in 2. Circuit operation, although simple in principle,

nuclear enrichment and reprocessing because of placed severe requirements on each and every

uncertainties in the outlook for private participation component, particularly the pulse capacitors.

in these operations." This laser isotope separation
process involves vaporizing uranium with e-beams and RESONANT

selectively ionizing U235 with flash lamp pumped dye CHARGING CHOKE

laser beams, as shown in Figure 1. A commercial 08v 1

enrichment plant would require several hundred laser 
CRC. LC. 084

systems. Each system would run at 500 Hz to 1200 RLz, -
24 hours-a-day continuously. This established the
requirement of very reliable, high repetition rate CP CR0

PULSE +
capacitors for the flash lamp modulators with desired CAPACITOR CAPACITOR

lifetimes exceeding 50,000 hours. 0.15 PF THRA1O V0FS

EXTRACTOR IP 4500A 0  
IPK 40A LOW

POWER SUPPLY FK 4

LASER _ _ _

DY LSE MDUATRFLASHFLS
LAMP - LAMP

Figure 2. Simplified laser modulator schematic

As shown in Figure 2, the capacitors Cp are
resonantly charged to a nominal 60 Joules in 1.5 as.

MULTI MEGAWATT On comnd. thyratron V, switches the stored energy of

E-SEAM POWER SUPPLY the pulse capacitors into the highly nonlinear flash
lamp loads. Because of certain thyratron
requirements, the inductors LR must be adjusted to

make the discharge circuit slightly oscillatory;
hence, a 10-20% voltage reversal is experienced by the
capacitors on each pulse. Residual post-pulse energy

This paper discusses the specifications for the (due to the voltage reversal) is dissipated in the

required energy storage pulse capacitor, and Maxwell power resistor RSD.

Laboratories' design which met the customer

requirements. h efrac aawl ervee The capacitor operating requirements are shown in
it The perfornce data will be reviewed Table I. The combination of these performancealong with the construction. None of the supplied seiiain oehrwt h eie ieiemk

capacitors failed, even after obtaining greater then specifications together with the desired lifetime make1010 charge/discharge cycles. One unit, after nearly the capacitors unique.
3 x 10

9 
cherge/discherge cycles, was disassembled and TABLE I

examined. The data indicated that Maxwell's capacitor LIS LASER MODULATOR PULSE CAPACITOR REQUIREMENTS
is an excellent candidate for reliable, long life, CAPACITANCE OIbF

high pulse rate applications. Ongoing improvements'in OPERATING VOLTAGE 30 v

technology, dielectric films and oils will man even PULSE RATE sSO "
superior capacitors can be designed for applications
satisfying thee types of requirements. VOLTAGE REVERSAL 5 kV SELF INDUCTANCE E5) s0 n"

PEAK OISCHARGE CURRENT 45 KA SELF REKSISTANCE JESR 100 ff1Lser Raq uisements sod Objectives

CURRENT RISE TIME 0 1A OPERATING AMUENT 4M

As noted above, the JNAI LIS process required a CURRENT PULSE WOTH (FW4M) 10 Ps OPERATING ENVIAIROS INT OiL
number of flash lamp pumped dye lasers which must
exhibit comesrcial reliability and life. Early in the LIFt"MIM mmS n MRS

CH I785-5/82/0000i 81 SOM.75 © 19182 IEEE
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Vendors e The property of the film to absorb the
impregnant and wet thoroughly greatly reduces

Early capacitor candidates (non-Maxwell) were the occurrence of partial discharges during
based on "single shot" technology and, as a result, operation
exhibited lifetimes of from several minutes to several
tens of hours. Once the pulse capacitor was 9 The extremely low dissipation factor (.00017)
recognized as a critical component, three capacitor that remains stable over a wide frequency
manufacturers, including Maxwell Laboratories, were range and improves with temperatures up to
asked to satisfy the requirements. Only Maxwell 80

0
C. This fact permits greater power

Laboratories was successful in meeting all the transfer without thermal runaway.
performance specifications and up to the conclusion of
the program had provided capacitors which accumulated The extremely low dissipation factor and the high
over 21,000 hours of operation at pulse repetition dielectric strength of the polypropylene film were the
frequencies exceeding 550 Hz without a single failure. dominant factors in determining the dielectric system

used.
The other two vendors essentially gave up after a

half dozen failures. Late in the capacitor The impregnant was chosen in much the same
development program, a fourth supplier's capacitor manner. PXK has a broad range of attributes that make
satisfied the operating requirements and exhibited it superior for this type of capacitor. It has a
individual capacitor operating times comparable to the consistently high dielectric strength compared to
Maxwell capacitors; however, the total capacitor other impregnants. It exhibits low loss over a wide
operating hours of the fourth supplier were less than frequency range, necessary for thermal stability.
half those experienced by the Maxwell capacitors. This material has a low viscosity and low surface
There were no failures in the fourth vendor's units. tension which allows the material to easily and

completely wet the film surfaces. It has the ability
Vendor A provided the original capacitors, to inhibit partial discharges as well as to scavenge

followed later by two additional designs. Maxwell the by-products generated by the partial discharges.
Laboratories supplied the first acceptable test units Environmentally, it is nontoxic, and biodegradable.
and later the capacitors were used in the prototype
system for a total of 14 capacitors. Vendor B was The dielectric system of the Maxwell capacitor,
added because of the problems encountered with Vendor because of its low losses, is not the dominant portion
A's capacitors. They delivered two units. Vendor C of the ESR. Therefore, it is not a significant factor
was asked to supply capacitors for test and evaluation in calculating temperature rise.
as a result of the continuing problems with Vendor A's
and B's pulse capacitors. Three units were tested to The heating in the capacitor is predominantly due
develop a reliable second source for pulse capacitors, to the power loss caused by the magnitude of the

discharge current and the resistive losses In the
foil, solder and electrodes. From the average and

Capacitor Design and Construction peak currents, the rms current is calculated:

The severity of this requirement presented t(peak) 4500 Amps
1(avg.)- 2.5 Amas

Maxwell with a unique design and manufacturing I(ras) "-A M0 77._ 106 Amps
challeage. The criterion of the capacitor's
performance was a high average power density with high With the capacitor's effective resistance being a
reliability over a considerably long life. These maximum 50 m at the operating frequency, the
requirements posed a set of problems different than
those usually associated with conventional single shot capacitor losses can be calculated.
pulse discharge capacitors. The successful design of
such a capacitor would uepend upon the proper (rms)x ESR - (106)2 x .05 - 562 watts.
selection of materials, their quality, and the To be able to dissipate this heat and keep the
manufacturing processes used to produce the final dielectric hot spot at or below S0C requiredunit.diecrcotpoatobeo 80 rurd

sufficient surface area. The Maxwell capacitor size
w s 7.25" x 14" x 15.5" and had 861 square inches to

The critical design consideration va thermal radiate the heat. Assuming the capacitor was 50 mQ
stability. In a capacitor operated at this pulse this translated to a surface heat flux of .65 watts

repetition rate, the major portion of the power lose per square inch. Figure 3 shows date of heat
is resistive- the capacitor's equivalent series p atingur fce tmure ess surface heat
resistance (ISR). Components of the ES1 are contact dissipating surface temperature versus surface heat

resistance, skin effect in the electrodes, and flux o bahtus temperature rs ssuing

dielectric losses. These losses are increasing 6tC oil path, the surface temperoxre rise, assumin
functions of frequency. For this reason a dielectric .65 watts/per square inch, is approximately 160C.

system using predominantly polypropylene film with Using this data, the average surface temperature
paper to aid in impregnation, and the impregnant PXE should be approximately 56

0
C. In a properly designed

was chosen. Of all the available dielectrics, it was apacitor, there is a thermal gradient from the hot
evident that polypropylene film exhibited significant cpacitor, cas ofa t her efre, the hot
superiority for this application. The main reasons spot to the case of about 20

0
C. Therefore, the hotbeing:spot is approximately 76oc, which is within the

temperature range where polypropylene exhibits its

9 Intrinsically high dielectric strength- lowest losses. In actual operation, surface
>10,000 volts per ail temperatures were monitored and the results were aspredicted.

a Unique combination of temperature coefficients p..
of dielectric constant and dissipation factor Another important design consideration was thatthat result in self-stabilization at about of inductance. The equivalent series inductance (ESL)
t0c effectively limits the maximum rate at which the
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capacitor can deliver current. To achieve a low Vendor B's capacitor compared favorably but it didn't
inductance design, several manufacturing methods were perform successfully under full power test conditions.
employed. Each capacitor winding was comprised of
multiple series sections and used extended foils as 11e0-a tAE CURRENT
termination. Kaeping the width to length ratio of the PW PROK

capacitor windings as high as possible and paralleling OILLA AMLIIER
the inductances of the pads resulted in a nat decrease
in inductance of the capacitor stack. By the
arrangement of conductors and terminals, the internal
inductance can also be reduced. By using a low

profile insulator, the inductance was reduced by

providing the creepage distance in the radial
direction which also allowed a reduction in conductor THE ESL ISGIVEN BY PG-58
length. CABLE

ESL "__ I , RESONANT FREOUENCY
80 I 251C (27odC C " MEASURED CAPACITANCE

o 340C
45

0C
70 750 THE ESR IS GIVEN BY

SO ESR I V0  V. - VOLTAGE AT I.

I - CURRENT AT I.

so
Figure 4. Circuit for determining ESL and ESR

A TABLE 2
4 PULSE CAPACITOR COMPARISON

30
CAPACITOR ESL ESA

TYPE (nHJ (ml)

MAXWELL 4211 26"
*33580 472 66-"

10 VENDOR A
TYPE 1 1062, 19021

VENDOR A
0 1 2 3 4 TYPE 2 59.)  

14021
HEAT FLUX WATTS/IN.2

VENDOR A
TYPE 3 75")  87"1

Figure 3. Dissipating surface temperature rise

versus heat flux for various tempera- VENDOR 9 49Z) 80
tures of cooling oil

VENDOR C 47")  36"

ESL and ESR Measureaments 1) SELF-RESONANT OR STANDING JVAVE METHOD

In order to make valid comparisons between 21 DIFFERENTIAL DISCHARGE METHOD

different capacitor designs, two techniques for
accurate measurement of equivalent series resistance Performance Data
(CSR) and equivalent series inductance (ESL) were
investigated. The first method involves charging the
capacitor to several hundred volts and then viewng Repetition Rate

the current waveform while discharging it into a The modulators were generally operated at
short; the actual procedure used is a differential approximately 550 Hz, while the test stand modulator
technique which eliminates the switch and other apratel 55 ti, wi th tes th molthardware losses and inductances. The second method was operated at times up to 600 Hz. As the project
hada oses an d ifnoducor tadnives. The sapectond at neared conclusion, the frequency was increased to
uses an rf oscillator to drive the capacitor at its 10 z for about 80 hours with bursts to around
self-resooant frequency; at resonance the voltage and
current are in phase, so ESR end ESt may both be

easily determined. This latter technique, as shown in
Figure 4, became the preferred method. Operation and Theoretical Life

Fourteen Maxwell capacitors were tested for a
The results of these measurements are found in total of 21,000 hours or approximately 4.2 x 1010

Table 2. The Maxwell capacitor, Cat. No. 33580, was combined charge/discharge cycles. All individual
measured using both techniques since it was considered capacitors were operated for over 109 to 1010 cycles
the best design. This alloyed the comparison of it without failures. Vendor A's capacitot experienced
with the other dteigns regardless of the procedure failure after 104 to 400 hours ((109) and Vendor B's
utilized. Note that the Maxwell capacitor exhibited two units failed at eight minutes and after 1856 hours
the lowveet values of both 9S1 and SRU. Based on these (3.7 x 109). Vendor C had three units tested without
values, Vendor A's units were deemed unacceptable. failure; they also reached 109 to 1010 cycles. The
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continuous power at 550 Hiz and 28 kV (nominal) was away from the windings and remained attached to the
32.3 kW and at 1000 Hiz it was 58.8 kW. swags (solder).

The theoretical design life of the Maxwell These two things, solder appearance and bonding,
capacitor is >4 x 1010. This is based on accelerated are very important aspects to observe when analyzing
life test data at higher voltage stresses on similar capacitor construction. Solder oxidation not only
dielectric systems. The combination of the much lower degrades the dielectric system as a whole, but leads
voltage stresses in this design and the properties of to poor contact between foil and collecting tab. This
the PXE oil could extend the life to greater than 1011 can cause high contact resistance with arcing between
cycles or 50,000 hours at 550 Hiz. This is supported the foil and the solder swags which in turn generates
by two findings- one, the lack of a permanent gas, etc. leading to an "avalanche effect." In this
capacitance change with time and the near new internal case, the Maxwell unit had the appearance of a now,
appearance of a capacitor after more than 1500 hours unused capacitor.
of operation.

The capacitor windings were then examined for
Capacitance Change thoroughness of impregnation, margin control (wander)

and any signs of corona damage. All sections were
It was found that the capacitance decreased well-impregnad, regardless of their position in the

during the first thirty minutes of full power stack. A random check of margins in several different
operation. This phenomena is felt to be a thermal windings showed them to be uniform, which in turn
capacitance. change; permanent capacitance decrease assures an even voltage division. There was no
occurred in Vendor A's and B's capacitors in addition evidence of corona in any of the windings. The foil
to the "warm up- change. Because Vendor A's and B's edges were looked at under magnification for signs of
units were operated in the same modulator, their **warm browning or tracking and none were found.
up' change was lumped together. Table 3 gives these
typical values. Note that the permanent and warm up Overall , the capacitor was in excellent
changes of Vendors A and B are significantly greater condition. The assembly was done well, all windings
than the Maxwell unit. The Maxwell capacitor had no were aligned with no squaring off of the corners, the
apparent permanent capacitance change VS -2.7% and swaging was good and there was no damage to the
-4.1% while having half the warm up change -1.86% VS dielectric system. After dissecting this capacitor,
-3.93%. there is no reason to believe that it would not have

TABLE 3lasted beyond its designed life.

THERMAL INDUCED CAPACITANCE CHANGES Advances in Technology

HOURS OF MEASURED PERMANENT WARM-UP Dielectric Films
CAPACITOR OPERATION CAPACITANCE CHANGE CHANGE

VENDOR A 0 0.146 gF -21% Successful high repetition rate capacitors
TYPE 2 361 0. 142 ,F 3.3 require low dielectric loss films. Polypropylene is
VENDOR 8 0 0.146 ,F -41% recognized as the best film to date. In recent years,

361 0.140 gF there heve been improvements in the basic film.
MAXWLL 0 0.15 pF 0% -89% Standard polypropylene film usually requires a paper

MAXWELL -0 0159 AF -% *6 wick, in between the layers of film, to promote
complete impregnation. However, there is now
available hazy or roughened films where the surface of

Capacitor Examination at least one side allows the complete impregnation of
an all-film winding. This further reduces dielectric

After 1504 hours of operation or nearly 3 x 109 los 8ses and heating in a capacitor while increasing
charge /d ischarge cycles, an unfailed cap -Jitor was energy density.
returned to Maxwell Laboratories for examination. Two
years following manufacture, this capacitor, Cat. No. Manufacturing techniques have produced a more
33580, serial no. 87401, was measured for capacitance reliable polypropylene film with a higher dielectric
and dielectric Loss (dissipation factor). The strength and less defects. This has put more
capacitance was unchanged while the dissipation factor importance on the _.ality and type of dielec:tric fluid
improved from .1% (.001) originally to a reading below used.
the scale on the bridge.

Dielectric Oils
A sample of the insulating oil was removed and

its volume resistivity was measured. The oil was Manufacturers are constantly seeking insulating
still well above the minimum acceptable value. There Oils with high dielectric constants and low dielectric
was no evidence of gas in the capacitor. When the losses. The ideal impregnant for high repetition rate
fill plug was loosened, the oil was still under a Must possess a more complete set of properties. These
positive pressure. properties are:

The cover-insulator assembly was removed by a Righ dielectric strength
milling the weld and the capacitor winding assembly e Low dielectric loss

was withdrawn from the case. The major insulation e The ability to wet and possibly *well
(be tween cas and windings) was examined for any dialectric films
carbonation caused by localized heating of electrode e Ease of handling (low susceptibility to
interfaces, Nione was found. The solder was bright contaminants)
with no evidence of oxidation. To check the solder a The ability to maintain low levels of
bonding between the extended foil and connecting tabs, partial discharges (corona) even at high
the two were pulled apart. This required a voltage atresses while having the ability to
screwdriver for prying, pliers and a considerable absorb any resulting by-products (primarily
amount of force to separate. The foil actually tore gas) produced by these discharges

184



AD-A119 664 PALISADES INST FOR RESEARCH SERVICES INC NEW YORK F/A 9/5

1982IEEE CONFERENCE RECORD OF 1982 FIFTEENTH POWER MODULATOR 
SYMPOS--ETC(U)

UNCLASSFIED 82-CH-1785-5 NL

EhhIIIII3mlI

lllllllllhl-l



The oil muot be able to maintain or improve these Conclusion
properties under conditions of rising temperature and
%Is* have long life stability. The requirement for a very reliable, high

repetition rate capacitor used in flash lamp
When the basic principles defining the chemistry modulators has been met. The axwell capacitor

required to produce these properties are established, delivered to Jersey Nucloar-AVCO Isotopes. Inc.
then new insulating oils can be more easily found or demonstrated that the capacitor required for 50,000
created. hours of continuous operation at over 500 Ht is now

available.
Today there are several oils producing promising

results which indicate an Improvement over the PXE Acknowledgements
used In this original Maxwell capacitor design, as
well as improved PXE. The authors wish to express their thanks to Jon

Jasper of Exxon and Paul Roffman of Capacitor
Engineering Services for their contributions in the
development of this capacitor.
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MINIATURIZED PULSE FORMING LINES

BY

John Carter

US Army Electronic Technology and Devices Laboratory (ERADCOM)
Fort Monmouth, New Jersey

Introduction are given in equations 1 to 4.(Fig. 2)

The final helical line design oarameters for
There are a number of laser and microwave a 200 ohm PFL are given in Figure 3. The center

transmitter requirements where fast pulse rise conductor is a grooved bakelite rod. The insul-
time and minimum size and weight are of equal im- ated 22hf wire is wound using the groove in the
portance. The combined requirements of fast rise bakelite rod to anchor the wire. The number of
time and minimum size and weight make it desir- turns per cm. is 8.62 for a total of 88 for the
able to eliminate the pulse transformer from the 10.2 cm. length of the PFL. The space between the
line type modulator transmitter design, since the inner and center conductor of the coaxial line Is
leakage inductance of the transformer increases filled with Stycast having a dielectric constant
rise time and the transformer is an extra compo- of 12. The outer conductor is a brass tube with
nent increasing size and weight. The elimination an inner diameter of 1.27 cm.
of the pulse transformer in the line type modula-
tor imposes an extra burden on the pulse forming Some comments are in order regarding the use
device. The pulse forming device must be charged of equations 1 through 4. The major problem area
to twice the voltage required by the load (laser is the use of equation 2 for the capacitance. The
or microwave tube) and must also do the job of equation assumes a solid center conductor which is
impedance matching between the pulse forming net- not true for the helix coaxial center conductor.
work and the load. One apporach to the problem Experemental data Indicates that the effective ca-
is to use a coaxial cable as the pulse forming pacitance is about one half the value calculated
device. The coaxial cable has fast rise time; by equation 2.
however there are two disadvantages to this ap-
proach. The time delay per unit length is small,
making the coaxial cable, PFL, too bulky for a
number of transmitter applications. A second Experimental Results
problem is the limited impedance range that can
be acheived with the coaxial transmission line
design. This is true with a straight center con- A photograph of the prototype helical pulse
ductor coaxial transmission line because the forming line is shown in figure 4.
inductance is fixed once the diameter of the
center conductor is determined. In order to in- The test circuit used to evaluate the helical
crease the range over which the inductance can be PFL is shown in figure 5. An 1164 thyratron is
varied the straight center conductor is replaced used as a switch to discharge the helical PFL
with a continuous wound coil of wire in the form which is charged through a 500 K resistor by a
of a helix. The center conductor is wound in a d.c. power supply. The voltage and current of the
tight helix hence the magnetic flux between the non inductive load resistor is observed using vol-
inner and outer conductor may be neglected. The tage an current probes with less than I ns rise
inductance may be further increased by winding time.
the helical inner conductor upon a ferromagnetic
core. In order to demonstrate the feasibility of The inductance and capacitance of the pulse
this approach, a number of experimental pulse forming line were measured on an impedance bridge
forming lines were designed, fabricated, and at a frequency of I megahertz. The inductance was
tested. 3.15 microhenrys and the capacitance was 61 pico-

farrads. These values give us a calculated
impedance of 227 ohms and a pulse width of 28 na-
noseconds.

Experimental Design
A typical output pulse is shown in figure 6.

The measured dependance of load voltage on load
The design equation for a helical coaxial resistance for a constant charging voltage of 2 kV

pulse forming line of the type shown in figure I is shown in figure 7. Taking the voltage drop of
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(1) L- uN2fl2A2X1o-7H/M
the thyratron into consideration it is seen that

the measured impedance is very close to the
. , design value of 200 ohms. A- MEAN DIAMETER OF SOLENOID (M)

N- TURNS PER METER
Conclusion

U, RELATIVE PERMEABILITY
The experemental results agree closely with

the design equations. The helical pulse forming
line results in a significant reduction in the (2) C- 2.4X1011E F/M
length of the transmission line required to LOG()/D
achelve a given pulse width. For example, the
approximately 30 nanosecond pulse width measured
for the prototype line would require at least 30 D- OUTER DIAMETER OF PFL
feet or 914 cm. of RG-213 cable. Thus a reduc-
tion in length of 90 times has been achelved. It
should also be noted that co-ax cable at impe- E- RELATIVE DIELECTRIC CONSTANT
dance levels higher than 75 ohms is not readily
available. D= OUTER DIAMETER OF SOLENOID (M)

The technique described 
above has been used

to acheive practical PFL designs over the impe-
dance range of 20 to 2500 ohms. A PFL with an (3) Z
impedance of 800 ohms was designed and fabricated
to match a 95 GHz millimeter wave magnetron.

The small size and ease of impedance match- (4) T- 2
ing of the helical PFL makes this device J
attractive for Darlington type voltage multiplic- Fig. 2 Inductance and capacitance formulas for
ation circuits. Such a circuit is shown in helix PFL
figure 8.

LENGTH: 10.2 CM

HELIX DIA.: 0.64 CM (GROOVED BAKELITE ROD)

OUTER CONDUCTOR ID: 1.27 CM

OUTER CONDUCTOR OD: 1.43 CM

HELIX OUTER CONDUCTOR TOTAL # TURNS: 88
Fig. 1 Distributed PFL with helically wound

center conductor
WIRE SIZE: #22HF

DIELECTRIC SLEEVE: STYCAST 12
Fig. 3 Helix PFL dimensions (200
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N1.

Fig. 4 Prototype helical pulse forming line 1 10 203 0 )w Ow0 5 m ?M 70

LowS rESSTOM (21

Fig. 7 Dependence of load voltage for helix PFL
charge voltage, 2000 v

HELIX PFL

2 KV 0- SWITCH 2I Z
67' MOD M

EEV J LOAJD Fig. 8 Three-stage darlington

1164 C-

Fig. 5 Test circuit

Fig. 6 Waveform of output pulse. Load, 180
charging voltage, 2 kv vertical, 360 v/cm:
horizontal, 10 n sec/cm
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PULSE CHARACTERISTICS OF XENON FLASHLAMPS
James P. O'Loughlin

Air Force Weapons Laboratory
Kirtland AFB, New Mexico

summary E

The efficient initiation of pulsed HF/OF lasers J eNeVd
with uv light requires a source with high spectral
intensity centered about 285 nm, a fast rise time where: p - resistivity (ohm-cm)
(.5 psec), and a pulse width of about one micro- E - electric field (volts/cm
second. Xenon flashlamps are suitable for this pur- current density (amps/cm
pose but require some special considerations for e - electron charge (1.602 E-19
optimum performance It has been determined by coulombs)Lovoi, ynard and mith that xenon lamps are Ne , electron number density (#/cm 3)

approximate black body radiators and a temperature Vd - electron drift velocity (cm/sec)
of 13,3650K provides the maximum radiation efficien-
cy of 26.18 percent through a fused quartz enclosure In addition to the usual assumption that the
In the 250 nm to 400 nm band. Thus good performance current is all electronic, the number density (Ne)
would be expected from a lamp undergoing a tempera- is taken to be due to thermal ionization and the
ture pulse to about 13,000 K in less than about .5 drift velocity is assumed to be proportional to E/N.
usecomds and a width of about one microsecond. In
order to accomplish this, power must be loaded into The degree of thermal ionization is given by
the lamp at a rate fast enough to overcome losses and Saha's equation4 as:
raise the temperature to the target level within the
.5 microsecond limit. To load power at this rate re- X2  . 2.4E-4 T2-5 Exp (-eV1/kT)! (2)quires careful consideration and knowledge of the 1-X2  Torr
power source and the xenon lamp impedance character-
istics.

where: X - fraction of ionization (Ne - XN)
Previous papers on xeqon plasma impedance by PTorr ' lamp fill pressure (Torr)

Goncz2 and Demenik et. al. are empirical and In T - temperature *X
poor agreement with each other. Also, no gas pres- Vi - ionization potential (12.08
sure, bore diameter or time-temperature characteris- volts for Xe)
tics are provided from the approximations. In both K , Soltzman's constant (1.38E-23
papers the resistivity is reported to be inversely
proportional to the square root of the current densi- XJule/K0

ty but the scaling factors differ from .22 (Goncz) to
1.13 (Demenik). The linear approximation for the drift velocity5

is:
The approach taken in this paper models the re-

sistivity of the plasma based on established physical
characteristics, such as ionization rate, drift ye- Vd AlE/N) (cm/S) (3)
locity, electron number density, fill pressure, bore
diameter, specific heat, radiation loss, temperature where: A for Xe % 5.3TE27 (cm- volt-sec)
and current density. Normally flashlamps are operat- N - molecular number density
ed in a mode which is dominated by thermal ionization. Cmbining (1), (2), and (3) the resistivity as
When sufficiently high electric fields are forced
upon flashlamps both thermal and electric field stress a function of temperature and fill pressure is:
contribute to the ionization and the lamp will turn on
(i.e. raise to high temperature) much more rapidly. L (4)
In addition to more rapid turn on it has been experi-
mentally observed that a large enhancement of ultra-
violet radiation centered at about 300 nm occurs when Equation (4) is, of course, valid only when thermal
the lamp is driven with high electric fields in the ionization dominates above about 30000K, so for
order of 150 Townsends. xenon lamps operating between 90000K and IS,0000K

it's a valid assumption. The second ionization po-
Method of Approach tential of Xe is 32 volts and could be used to extend

the temperature range above 15,000K if one desired.
In order to gain a better understanding of the( plasma impedance than that available from the empir-

fcal approach, a simple model based on established In figure 1 the calculated resistivity of Xe is
physical characteristics is used. Plasma resistivity shown as a function of temperature for fill prtsures
is given by: of 10, 25, 50, and 100 Torr.
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S,- j-- ------- > ,............. The fact that the resistivity (and consequently the
Figure 1 resistance) of a lamp is quite low in the desired

R-S-T-FigueO operating temperature range implies that for effi-
zRESISTIVITY OF XENON PLASMA cient operation the characteristic impedance of the

.V. - IS driver (usually a pulse forming network, PFN) must
TEMPERATURE approximate a good match to the lamp over the major

FOR FILL PRESSURES (low resistance) portion of the pulse.
OF 10, 25, 50 AND 100 TORR

If this is the case then the maximum voltage to
__________________________ which the network is initially charged Is only on

z9= the order of twice the voltage when it is delivering
..... .power to the lamp at operating temperature. A check

of the electric field E obtained from figure 2 shows
- a typical range on the order of 100 volts per centi-

L. meter corresponding to only 5.6 Townsends or about
-*-twice this amount, 11.2 Townsends as a maximum

stress when the PFN first turns on into a cold gas.
As the gas heats up the E field stress drops to much

I.
T 41

Temperature oK/LO00 ___

If one assumes that the black body radiation J'

from a cylindrical lamp is in equilibrium with the
input electrical power the expression in (5) evolves. I;-

OT (5) A

where: 0 " lamp bore diameter (cm)
a - emissivity

The equilibrium condition exists for time spans
greater than tens of microseconds. A reasonable
agreement with data published by Avlzonis0 for 200
microsecond pulses is shown in Table I. Also shown
are the values of resistivity as predicted by Goncz -
and Demenik which are approximately an order of
magnitude too low.

TABLE 1 '6

XENON RESISTIVITY DATA
Resistivity Values (otm-cm)

Data Measured Calculated Calculated Calculated The point is that such low stress eliminates any
No. by (6) per per (2) per (3) possibility of electric field ionization therefore

Avizonis this paper Goncz DamIenIk under these conditions the turn on time process of
the 1amp is entirely controlled by the development

1 .0528 .042 .0021 .0110 of thermal ionization.
2 .0480 .025 .0017 .0087
3 .0467 .038 .0018 .OOSZ If one Is to speed up the rate at which the
4 .0460 .033 .0017 .0087 lm raises its tmerature to the desired operating

level one must force it to accept energy at a faster
For the case of cylindrical lamps equationj (4) rate. T,.e logical thing to do is apply enough volt-

and (5) can be combined to obtain a plot of j /0 age to cause E field ionization in addition to the
current density times root lamp diameter) vs a thermal ionization. This means raising the PFN or
(resistivity). These curves for fill pressures of capacitor voltage to much higher levels but still
1, 25, and 400 Torr are show in figure 2. Notice maintaining a low characteristic Impedance to Insure
the curves are relatively insensitive to pressure an efficient overall energy transfer. The danger is

over the 400 to 1 range and that they converge to too much energy will break the lap. mpirically
about .0012 ohm-cm at high temperatures (it 14000*K). the explosion energy density is given by:
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JEXP W 18000 /T-/D joules/cm
3  

-.

where: JEXP - explosion energy density (J/cm3)
T - pulse width (sac)
0 - lamp diameter (cm) . . -

To keep below the explosion limit one must reduce the r -r u ruWror
capacitor size as the voltage is increased such that
the explosion limit is not exceeded. -\antriy

Experiments were made with 50 Torr lamps with
stresses as high as 150 Townsends (2666 volts/cm).
This is about equivalent to applying 40 kV/cm to ________-

atmospheric air.

Under these conditions the lamp of course turns - - .o
on much fater but other things also happen. The
current to the lamp shows a strong erratic behavior
indicating streamers in the plasma, this both in- .
creases the rate of bulk temperature rise and en- 0_ , 1illbrtm
hances the output of ultraviolet light. A trace of To* M1rINfln 

"
lamp current showing the erratic behavior is shown •
in figure 3. AZ

mi. 1
RAM;i NUi h.U

0 .2 .4 .6 .8 1 .6

usec

Figure 3 5

CURRENT PULSE 4 mm LAMP .4
A black body equilibri between current den-

sity, resistivity and temperat-s assumed in figure 2 .3
10 longer holds. Of the total power input to the
alasma only about 10-20 percent is accounted for by z
black body radiation, the rest is taken by the ioni-
zation of the gas, the excitation of metastable
states, the raising of the bulk temperature, and .1
other losses. Lamps of 4, 5. and 7 nm bore diameter
at fill pressures of SO Torr were tested. The ob- 0
served current density and resistivity of a 5 mm is 200 300 400 500 600 700
shown in figure 4. Also plotted in figure 4 is the
resistivity based on the assumption of only thermal
ionization. Since the time scale is much too short
to even approach thermal equilibrium and the electric
field strength is sufficiently high to contribute to
the ionization and considerable discrepancy between
the two resistivities is to be expected. The rela-
tive spectral intensity was measured at 1.3 kV/cm,
2.0 kV/cm, and 2.6 kV/cm and is shown in figure 5.
"e time waveform of the light pulse at 300 nm is
sh%.., In figure 6. The spectral intensity develops
a very intense peak around 300 nm. This peak is far
in excess of what would be expected from a black body
radiator and is attributed to the ultraviolet radia-
tion from the hot streamers which are assumed to be
at a higher temperature then tht bulk temperature of
the gas. The 7 sm lamp produces ! peak at about
250 na whereas the 4 and 5 = lampS peaked at about Figure 6
300 nm. In any event the spectral pea&k ,s very de- DETECTED LIGHT INTENSITY .5 us/cm
sirable in frequency, intensity and ties envelope for 5 mm LAMP 155 kA/cm2
the efficient initiation of HF/OF chemil..l laser * 30 nm ax So nm
reactions.
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BROAD-AREA DISPE14SER CATHODES FOR HIGH POWER GAS LASERS

H. W. Friedman, J. E. Eninger, L. N. Litzenberger
Avco Everett Research Laboratory, Inc., Everett, MA 02149

We have demonstrated long life operation Table 1 summarizes the parameters of the two
of dispenser cathodes in configurations appli- tests.
cable to high power gas lasers. Grid switched
operation reduces pulse power requirements Table 1
and the high repetition rate permits high av- Dispenser Cathode Development Tests
erage power operation. A 10 cm x 10 cm modu-
lar cathode has been scaled to a full 1 meter LIFE TEST I METER TEST

array. Operation for long duration pulses,
in a magnetic field and at high repetition CATHODE SIZE 10. 10 p 10 . 100

rates has been demonstrated. GRID PULSE 10 kv 2 kV

ACCELERATION VOLTAGE 75.-10 kV 120 kV

Introduction CURRENT DENSITY 1.6 AI.' 30 .2

PUL.SE WIDTH SEEl .. 20 /

Dispenser cathodes have several 
proper-

ties which render them well suited for e-beam REPETITION RATE 2W 14, SM "a

sources in high power gas laser systems. (,) (CONTINUOUSI (S PULSE BURSTI

The cathodes exhibit no diode closure effects MAGNETIC FIELD NA I kG

even at high current density and for long FOIL I M r. I MA A

pulse widths. The emission density is uni- CONOUCTI" COOL) (INEAT SUNKI

form and compatible with externally applied
guide magnetic fields. The cathodes can be Cathode Life Test
repetitively pulsed in either a diode or
triode configuration and the useful lifetime The life test was carried out with a sin-
can be thousands of hours. gle 10 cm x 10 cm dispenser cathode module in

p a grid pulse mode with a d.c. applied acceler-
The Avco Everett Research Laboratory has ating voltage of up to 100 kV. A photograph

been developing these cathode arrays for of the grid portion of the high voltage termi-
laser applications and in a previous work(2 ) nal is shown in Fig. 2. A smoothly faired
reported high current density e-beams in a
auide magnetic field and under repetitively -.
,lsed conditions. In this paper we report
two continuing efforts; a lifetime test

-.or a single 10 cm x~ 10 cm module and scale-
up of ten such modules to a full I meter
e-beam. The life test parameters are applic-
able to e-beam stabilized discharge lasers
such as HgBr while the 1 meter array results
are directed towards e-beam sustained dis-
charge lasers such as CO 2 , see Fig. 1.

10 1 " I I

SINGLE KAME MOi. IIAIS

10 REP. PULSE OIL

10 CWNTRmu.E

LAIMRS

Do"SC VSOR

CLOSURE WREC?
-lIS., ~ Fig. 2. 10 cm x 10 cm Dispenser Cathode

V AM It PGrid Structure.
.1 CSAbINA0LAEMM E ASR

Cow0 cover fits around the grid with the grid bars

1DISPNSER flush with the surface. The grid structure

"6 I the dispenser cathode module, shown in Fig. 3,
I°'0" . '1 1o '0 10 ° is set 1.5 cm behind the bars. The heater

%CUKET 04S)TY [A/I tj structure consists of tungsten rods encased
Ain alumina tubes which are inserted in holes

Fig. 1. Z-Beam Source Requirements and drilled in the cathode block.
Constraints for Several Classes
of Lasers. The grid pulse circuit, shown in rig. 4,

uses a step down transformer for the filament
power and a thyratron switched Blumlein con-
figuration for the grid pulse.
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1.6 A/cmt

s o&50 ~ ~ -I !~
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Fig. 3. 10 cm x 10 cm Dispenser Cathode
Module with Tubular Heater
Structure. I I
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N, .,, ,-- Fig. 5. 50-Million Shot E-Beam Test Results.

I, voltage of 120 kV. Pulse lengths of 20 psec
" , and current densities of 30 mA/cm2 were re-

presentative of C02 laser operation, see Fig.

1. The repetition rate of 500 Hz was limited
to bursts of 5 pulses for power supply con-
siderations.

A photograph of the 10-module cathode ar-
ray is shown in Fig. 6 with the filament struc-
ture, similar to that shown in Fig. 3, running
longitudinally through the modules. A water

_10 cooled grid structure is placed 1.5 cm in
front of the cathodes as shown in Fig. 7. The
grid aperture has been masked down to 6 cm in

Fig. 4. Grid Pulse Circuit for Life Test
Experiment.

The results of the life test are indi-
cated in Fig. 5. An average emission current
density of 1.6 A/cm2 was obtained throughout
the 70 hour test although slow variations
about this average were observed during the
day. These variations were caused by drift-
ing charge voltage levels in the unregulated
grid pulse power supply. No degradation of
the cathode emission was noted during the
70 hours and the test was stopped for pro-
grammatic rather than technical reasons. The
repetition rate was set at 200 Hz because of
power dissipation in the grid pulse supply,
however, repetition rates of 500 Hz were Fig. 6. 1 Motor Dispenser Cathode Array.
easily achieved for short bursts of -1 sec
duration.

height for other purposes. A smoothly faired
One Meter Cathode Array cover plate fits flush with the face of the

grid structure to provide a high voltage ter-
In the second test, ten of the 10 cm x minal. The grid pulse circuit, Fig. U, is

10 cm dispenser cathodes were arranged in similar to that of the life test with the (
line to demonstrate scaling to the 1 meter short pulse thyratron modulator replaced by a
length level. The operating mode was again hard-tube pulser. Thermal modeling calcula-
a triode configufation with an accelerating tions including radiation and conduction
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the 1 Meter Array.
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Fig. 8. Pulse Circuit for 1 Meter Array.

losses from the cathode structure agree with
the filament power required to maintain the
cathodes at the brightness temperature of
1200*C B as is confirmed by direct pyrometer
measurements.

The output waveshape for the e-gun cur-
rent is shown in Fig. 9 for a 120 kV accel-
erating voltage and a 1 kG externally applied
axial field. Two pulses were generated with
a spacing of -2 maec for an effective repeti-
tion rate of 500 Hz. The top trace is the
overlay of the two pulses at a fast sweep
speed and the bottom trace shows the pulses
at a slower speed. The pulse-to-pulse re-
producibility is excellent as is the case
with an overlay of up to ten, 2 pulse runs.
The rise and fall times have been purpose-
fully extended to reduce the possibility of
inductive *kicks" which could induce arcing
for these long duration pulses. The natural
rise time of the pulse is less than 100 nsec.
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THYRATRON SWITCHED 'ARLX: GENERATOR!

Craig L. Kimberlin, Ho Defense %uclear Agency
Washington, D.C. 20305

Randy L. Lundberg, Lawrence Livermore National
Laboratories, Livermore, California 94550

William H. Wright, Jr., ET&D Laboratory, U.S.
Army ERADCOM, Ft. Monmouth, New Jersey 07708

Summary of control over timing of the switching event. Proper
operation of the thyratron requires the grid pulse be

Operation of a Marx generator using 8613 hydrogen applied soon enough to allow the start of conduction
thyratrons as switches and pulse-forming networks as before overvolcing occurs.
energy storage elements, with the switches in the upper
stages of the larx being triggered by a signal derived Marx operation imposes an additional requirement
from the lower stages (internal triggering), was inves- on the switching of the thyratron. A well-formed out-
tigated. put pulse requires the Marx be erected in an orderly

manner. A poorly formed output pulse results from

Timing requirements and erection diagnostics were applying the grid pulses too early or too late.
determined using a two-stage Marx, with both stages
triggered from separate external sources (manual trig- The use cf thyratrons in a Marx has been pre-
ge.ing). It was found improper timing led to large 'ented by the requirements to introduce a trigger
voltage spikes on the last stage anode and a poor out- signal and heater power to the thyratron at elevated
p t pulse shape. Triggering the second (N+L) stage voltage levels. Isolation of these inputs at high
from a signal in the first (Nth) stage was unsuccess- voltages is a difficult problem. Only the triggering
ful. problem was addressed in this experiment.

A three-stage Marx was examined, with all stages A logical method to obtain the properly timed
triggered manually, to confirm timing requirements. grid pulses for the upper stage thyratrons would be to
Triggering the third (4+2) stage from a signal in the derive them from the lower stages of the Marx (internal
first (Nth) stage, with stages one and two externally triggering). Ewnizky examined this problem earlier. 2

triggered, was successful.
Two-Stage Marx Generator

Triggering the 1+2 stage from the Nth stage using
a four-stage Marx (four from two and three from one) A manually triggered, resonantly charged, negative
uss very successful. output, two-stage Marx shown in Figure I was used. The

switch tubes are 8613/HYIA triode hydrogen thyratrons
The investigation showed the amplitude of the and the stage isolating chokes (L) are 1.7 millihenry

vltage spike, on the last stage anode, and che outpur inductances. The trigger isolation pulse transformer
pulse shape to be a function of the trigger timing T1 has a I : turns ratio, and the load consists of low
between stages. Output pulse rlsetime was almost rwice iductance carborundum resistors with a total resis-
as fast as the PFN's (pulse-forming network) risetime. zance of 94.4 ohms. Each PFN is a five-seccit~n, E-star,

50-ohm, 1-microsecond pulse width with a (IEEE) rise-
Introduction time of 175 nanoseconds. Tm to major break is also

175 rs and is defined ar, the time from the 10% point
Pulsed power supplies to drive loads such as high (same as the 10% point on the 10-90% risetime) of the

energy lasers, charged particle beam accelerators or risetime to where the knee on the t;ajor rise occurs.
electron beam guns often require repetitive operation This time is used to indicate the sharpness of the
In the kilohertz (k z) range. Marx generators are kitial rise.
commonly used to provide high energy pulses for various S
loads.

OC so'w

Basic Marx generators operate by charging capaci-
tive energy storage elements arranged in parallel to a
low or medium voltage level. Switches are used to -- bo T, l 2
electrically reconfigure (erect) the storage elements
in series, producing an effective multiplication of the
charging voltage.

The switching component normally used with the %L
Marx, a high pressure spark gap, is severely limited in
repetition frequency by the time required to recover
its voltage holdoff capability for the next charging
cycle. The thyratron, a low pressure, gas filled, hot (dookl u
cathode switch is inherently capable of much higher
repetition frequencies. Since thyratrons are switched
differently from spark gaps, they will not substitute Figure 1. Manually Triggered Two-Stage Marx
directly for the spark gaps.

A spike always appears on the anode voltage ofThyratrons are normally switrhed on when a grid hichever thyratron is firing last. Since a large
pulse is applied, but will also go into conduction voltage spike on the anode could cause the thyratron
if their forward breakdown voltage is exceeded. Con- to overvolt, the spike amplitude was used as a figure
duction due to self-breakdown (overvolting) to unde- of merit for the performance of the Marx.
sirable since it results in slower deionization times,
decreased lifetimes at higher frequencies and a loss Both thyratrons of the Marx were externally
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triggered to determine the timing requirements neces- The trigger circuit consists of a 500-picofarad (pF),
sery to prevent excessive anode voltage spikes and to 30-kV capacitor in series with the primary side of T2,
observe output waveforms for various time delays be- a 1:1 hand-wound transformer. The capacitor was sized
tween tubes one and two. The time difference between by determining the charge required to fire the thyra-
firings is measured from the anode voltage falls of tron.
the tubes.

Anode voltages of the internally triggered two-
When the firings of the tubes are brought closer stage Marx are shown in Figure 3. The top trace is

together in time, the anode spike decreases in magni- snode two voltage and the bottom trace is anode one
tude and the output voltage waveshape improves. This voltage. The traces were separated vertically for
seemed to indicate that both tubes should be fired at clarity.
the same time. Although anode voltage spikes were
eliminated by firing the thyratrons simultaneously,
the beat output shape occurred when tube one was trig-
gered approximately 35-40 ns before tube two. It is
probable the lead- time in triggering tube one is re-
cpired to charge the stray capacitances present in the
second stage of the Marx.

Table I shown the relationship between the spike
an tube two's anode voltage and the time difference
between triggering tubes one and two, which must be
snall if the anode spike is to be held down. This pro-
vides an excellent diagnostic tool for internal trig-
gering.

TABLE I
Figure 3. Anode Voltages of Internally

Trigger Diagnostics Triggered Two-Stage Marx

Anode two had a voltage spike of 3000 volta, and
there was a time difference of 65-70 ns between the two

Tme Di ne Twee lt e oSpne anode falls. This time difference corresponds closely
Tube One and Two Voltage Spike with the time difference for a 3000-volt anode spike

Anode Voltage Falls Amplitude in Table I.

35 ns 400 v Tube two was being fired far too late and several
changes to the circuit were made in an attempt to fire

40 ns 1000 v -tbe two sooner. All attempts to decrease the time
difference were unsuccessful.

50 ns 2000 v
It was decided that triggering the N+I stage from

60 ns 3000 v the Nth stage was not possible, but triggering the 4+2
stage from the Nth stage had a high probability of suc-

70 ns 4000 v cess. This optimism was due to the fact that a 35-40
no time difference between the anode falls gave a good
output shape, when manually triggered, and internal

After the trigger timing requirements and diag- triggering was giving a time difference of 65-70 ns

nostics were established, experimentation to trigger between the anode falls.
ube two from an event in stage one began. Many
trigger circuits and locations are possible, but the Three-Stage Marx Generator

trigger circuit in Figure 2 offered an excellent chance
for success. This trigger circuit was selected because A third stage was added to the Marx and the load
it did not add inductance to the discharge path of the resistance was increased to 140 ohms. Trigger cir-
erected Marx. Energy for the trigger circuit comes cuitry was set up so the three thyratrons could be
from the power supply and not from the erecting Marx. fired in any order with any desired separation between

the anode falls. This :as done to verify the two-stage
results.SwapS 1 Stags

DC wurceIt was found that the tubes could be fired in any
L_ order and still give an acceptable output pulse shape,

with proper timing of the triggering. Best results,
bowever, were obtained with a I, 2, 3 firing order, as

- -, - -_ expec ted.

I A good load pulse shape was obtained with tube one
firing 20-30 na before tube two, with tube three firing
anywhere between 0 and 25-30 ns after tube two. Timing

I torequirements for the three-stage Marx have become a
94.42 R little tighter, especially between the second and third

.... --- L stages. It is felt the significant decrease in time
difference between the last two stages is du* to the
stray capacitances being partially charged when tube
one is fired.

Figure 2. Internally Triggered Two-Stage Marx Next, the first and second stages were triggered
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manually using IM-27's, with the third stage being The load voltage output waveshape is presented
triggered from the first. The trigger circuit for the in Figure 5. The waveform has a risetine (1O-902)

third stage was the same as in the two-stage M-rx. of 100 nas and a semall amount of ripple.

Since timing for the three-stage Marx was still An interesting and significant result is the
highly variable, it was decided to look at all three risetime of the load pulse. The load pulse has a
mode voltage falls equally spaced. Success of Lhis 10-90Z risetima of 100 ne with a time to major break
case would imply the internal trigger method could be of 70 nas. The PVF's times were 175 ns and 175 as.
used for Marx generators having a larger number of hdtch are considerably slower. This could possibly
stages. This time spacing did not provide the optimum be caused by a sharpening effect from each stage.
output pulse, but still gave an acceptable load pulse 'bre work Is needed in this ares to determine the
shape. There were approximacely 35 ne between the eact cause of output pulse sharpening.
fall of each anode. Tube two and tube three both had
anode spikes close to 1000 volts and, therefore. cor- To insure that the internal trigger circuits were
respond very nicely to the values in Table 1. actually responsible for firing the third and fourth

thyratrons, several checks were made. First, the in-
Four-State Marx Generator ternal trigger circuit transformers were disconected

from only the third and fourth stage thyratrons. Then

A fourth stage was added to the Marx with stages the transformers were reconnected to the third and
one and two fired externally. Stage three was trig- fourth stages and disconnected from the first end sec-
@*red from stage one and stage four wos triggered from zad stages. Finally, the internal trigger circuits
stage two. The internal trigger circuits are the same were completely removed from the Marx generator cir-
as in the t-stage circuit except the hand-wound cuit. The Marx did not operate in an acceptable
transformers are wound as step-up transformers with a unner for any of these conditions.
1:2 turns ratio. The load was increased to 188 ohms.
The firing of the second thyratron was delayed 30 no In all three cases, the results were the same.
from that of the first tube due to results of the Excessive anode voltage spikes characteristic of over-
two- and three-stage Marx experiments. volting appeared on tubes three and four. The output

pulse waveshape had a ragged leading edge and a large
The anode voltages for all four thyratrons are mount of ripple on the top of the pulse. Only mini-

shown in Figure 4. The time between each anode fall ml control of the anode voltage spikes and the output
is 30-35 nas. While small anode spikes are present on %aveshape could be achieved by varying the time delay

the third and fourth thyratrons, they do not cause between tubes one and two. No timing setting could
firing due to overvolting. The traces are separated reduce the anode voltage spikes to an acceptable level
vertically for clarity, or return the output pulse waveshape to that shown in

Figure 5. These results show that proper firing of
tubes three and four is due to the internal trigger
circuit and not capacitive division or inductive
coupling effects.

Once the baseline data was collected, the peak
mode voltage, epy, and repetition rates were varied
to the limits of the power supply and internal trigger

circuit transformer insulation as seen in Table II.
The output waveshapes remained constant with variations
In repetition rate and charging voltage.

TABLE 11

Circuit Capabilities

Figure 4. Anode Voltages for Four-Stage Marx, Frequency Load Voltage Limit

100 Rz, Spy " 6 kV

100 Rz 26.0 kV Insulation of Internal
Vertical - k/small div - all tracesCircuit
Horizontal - 10 na/mall div - all traces Transformers 

To to Bottom - Tubes 4, 3, 2 and I
1000 Hz 12.5 kV Power Supply

2000 Hz 6.0 kV Power Supply

An important and encouraging effect of raising
the charging voltage was observed on the anode voltage
of the fourth tube. The anode voltage spike did not
increase proportional to the increasing value of Spy.
This means that Spy can be raised to nearly the volt-
age holdoff limit of the tube without firing due to
an overvolting caused by the spike.

There are two possible causes for this effect:
Figure 5. Load Voltage for Four-Stage Mrx

Vertical - 1 k/mll div 1. The increasing energy stored in the trigger
Horizontal - 200 na/small div circuit capacitor. This energy increases by the
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square of epy and could cause the tube to turn on find a faster method of triggering.
faster.

2. Investigate what effect the number of stages
2. The increasing anode voltage brings the tube in the Marx has on the risetime of the output
nearer to its self breakdown voltage. The nearer pulse.
the thyratron is to its breakdown voltage, the
easier it is for the same grid signal to turn on 3. A five- or six-stage Marx should be con-
the tube. strutted to prove that a stage fired by the in-

ternal trigger circuit can actually fire another
To determine if the internal trigger circuit could stage as indicated by the experiment with trigger

be used in a Marx that had more than four stages, in- circuits attached to tubes three and four.
ternal trigger circuits with dummy loads were attached
to tubes three and four. The operating conditions were 4. Replace the PlN's with lengths of coaxial
the same as the basic four-stage Marx experiment. The cable to examine Marx operation with a fast rise-
output waveshape and tube four's anode voltage were tine pulse. It is possible a fast pulse may re-
compared with and without the dummy-loaded trigger cir- quire the time difference between anode falls to
ouits in stages three and four. There were no observ- be very small in order to prevent excessive anode
able differences between the sets of waveforms. This spikes.
indicates that a stage fired by an internal trigger
circuit can fire another stage without adversely af- Footnotes
fecting Marx operation.

I This work was done as partial fulfillment of a

Conclusion and Recommendations Masters Degree at the Air Force Institute of Tech-
nology by Capt Kimberlin and CPT Lundberg. It was

It is possible to use an internal triggering jointly funded by the Defense Nuclear Agency and
scheme to fire hydrogen thyratrons employed as ZT&D Laboratory, U.S. Army ERADC(H, Ft. Monmouth,
switches in a Marx generator and achieve a well-formed New Jersey. The thesis was entitled "Internal
output pulse. Triggering Marx Generator Using Hydrogen Thyra-

trons." Mr. William Wright served as thesis ad-
Based on observations made during the investiga- visor.

tion, the following recomendations are proposed for
further study: 2 EWANIZK', THEODORE F., "High Repetition Rate Thyra-

tron Marx Bank," IEEE Conference Record of 1980
1. Although a workable triggering circuit was Fourteenth Pulse Power Modulator Symposium, CHL573-5
proven, more experiments should be conducted to 191-194, IEEE Electron Devices Society, 1960.
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LINE TYPE MODULATOR WITH PULSEWIDTH AGILITY

Edward M. Plechowiak, Edward H. Hooper, Ernest C. Farkas
Westinghoue Electric Corporation
Commad and Control Divisons

P.O. Box 1897
Baltimore, MD 21203

Michael Upka, Code 5331
Naval Research Laboratories
4555 Overlook Avenue, S.W.

Washington, D.C. 20375

Summary lmtroductoe

A modular line-type modulator has been developed with design fea- The program to develop the versatile solid-state modulator de-
tures that include variable pulsewidth and PRFE single shot and burst scribed herein was funded by the Naval Research Laboratories under
capability, and automatic fault isolation with switching to remove contract N00173-78-C-0245. It was intended to extend the previous
failed modules from the system while continuing operation at a re- modular solid-state modulator technology development to include
duced level of performance. The design addresses a requirement of 40 such key features as:
kW average power output, 7.5 MW peak power output, and 3, 6, and * Selectable pulsewidth on a pulse-to-pulse basis
12 second pulsewidths. The pulsewidth can be changed on a pulse-to- * Variable pulse repetition frequency from 0 to 1500 pps average
pulse basis by utilizing selective resonant charging in conjunction with * Single pulse or burst capability of up to 2000 pps
PFNs that incorporate diode isolation between segments. * Variable output voltage from 0 to 112 kV

M Automatic fault isolation with the capability to disconnect failedModular construction is used in the inverter power supply. themoue
charging system, and the modulator to facilitate maintainability and moule s
allow for automated graceful degradation. The modulator uses Re- * Pulse-to-pulsc voltage regulation of at hest 0.05 percent.
verse Blocking Diode Thyristors (RBDTs) for the discharge switches The basic block diagram of the modulator and the associated chargingto offer instant-on capability with a high degree of reliability, system is shown in figure 1. Modularity is used in the raw d power
o osupply, the power inverter, the selectable charging networks, and the
TWo stages of regulation are incorporated to achieve pulse-to-pulse pulse forming network modules which also contain the discharge

stability of the high voltage output. Inverter regulators provide the switches. The power flow through the system starts with fine rectifica-
first stage of regulation foJlowed by a precision solid-state regulator tion of the 120/208 volt, 3 phase input. The power inverter modules,
to accurately control the charge voltage amplitude on the PFNs. which operate at a frequency of 10 kHz. step the unregulated dc up to
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8"01q AMONA' Tqow
~ b~~m ~ ~ ASedift

fsMv ftlgus

82-143-V-2

FIgure I. Dade Dlok Diagrm fwr MuIdp Puiuwel Sod-m MN

200

CH 17SS-5/82/00(X)40200100.75 19W2 IFEE

3" " "m P W O C O W AN.. ... . . ..."I l I 1 . . . . . . ... . i l I r



a maximum voltage of 1500 volts. The outputs from three power in- transformer and single phase rectifier bridge to produce the 1500-volt
verter modules are combined in three paralleled energy storage capaci- output. The three paralleled outputs for the system provide over 45
tors. Command resonant charging is accomplished by triggering the kW of output power in normal operation. The reserve power capabil-
desired command charge module which determines the pulsewidth to ity of the inverter modules is such that the required 45 kW can be
3e used for a particular PRT. Each of the three command charge mod- supplied by only two modules. Such would be the case when a faulty
ules feeds into four paralleled PFN modules, charging only those sec- inverter module was disconnected from the system. The obvious pen-
tions of the PFN that correspond to the selected pulsewidth. The trig- alty that is paid for this feature is a larger sized module. Figures 4 and
ger amplifier, after receiving a discharge signal, produces a common 5 show the raw dc and inverter modules, respectively, and figure 6
high voltage trigger with a rate of rise of 25 kV/microsecond that is shows the cabinet that houses the raw dc supplies and storage capaci-
applnd to the four PFN modules. The PFN module outputs are com- tors.
bined in the primary of a high turns ratio pulse transformer to deliver
the output pulse to the load. The precision regulator, shown in the PFN Chrging Systm
lower right-hand corner of the diagram, is triggered on to perform its
regulating function at a predetermined time before the discharge The charging system is shown in figure 7. The choke used for the
process begins. It provides a controlled bleed of the energy stored on resonant charging is an air core inductor divided into three sections,
the PFNs to give a pulse-to-pulse regulation of 0.05 percent. One each having 0.22 mH of inductance. All three sections are used when
other control signal applied to the modulator power system is the in- charging the PFNs for the 12-microsecond pulsewidth, two sections
put that selects the amplitude of the voltage processed by the modula- for the 6-microsecond case, and only one section for the 3-microsec-
tor. This control is accomplished by varying the on time of the power ond pulse. Changes in inductance are required because of the different
inverter modules. Figure 2 is a photograph of the system. The cabinet PFN capacitance at the various pulsewidths and the different PR.F
on the right contains the raw dc modules, storage capacitors, and reg- requirements at the various pulsewidths. The PRF and pulsewidth re-
ulator. The main modulator cabinet houses the three power inverters lationship is as follows:
at the top, the four PIN modules and trigger amplifier in the center,
and the three command charge modules and cooling blower at the Pulsewidth PRF
bottom. 3 microseconds 0 to 1680 pps

Opp 6 microseconds 0 to 920 pps
612 microseconds 0 to 420 pp.

Each of tie command charge modules contains five series SCRs
which are triggered from a multiple secondary pulse transformer to
provide adequate isolation between SCR triggers. Three diodes are
also employed in series with the SCRs to improve the voltage old-off

*.$so "capability of the string. The output of each of the modules is routed
through a power contact to isolate it from any PN module which
may have failed. A photograph of a typical command charge module
is shown in figure 8. The "L" shaped configuration is used in order to
conveniently package the three command charge modules around the
charging inductor, as shown in figure 9.

Pulse Forming Network Module

The basic building block of the modulator is the PFN module,
which contains a pulse forming network, an RBDT switch assembly, a
trigger circuit, monitoring circuitry, and minor auxiliary circuitry. A
simplified schematic diagram of the PFN module in figure 10 can be
used to illustrate the function of the module.

The pulse forming network has three charging terminals. Each ter-
minal and the portion of the network that is charged through it is
diode isolated from the sections to the right. Thus, application of volt-
ale to terminal I results in only section I of the network being
charged. When terminal 2 is used, both sections I and 2 are charged
together. The network is an "E" type network, but there is only mini-
mal mutual coupling between the three discrete pulsewidth sections of

• ' ." -" .t1"- PFN .

;. ... "The switch used to discharge the PFN is a series string of five

Protoype Modulator ad Power S y RBDTs packaged in an assembly that includes the trigger blocking
S2. diodes and the backswing diodes. The assembly includes finned heat-

sinks between each of the semiconductors over which flows cooling air
PDower Condltlonlng which is ducted to the PFN module. The RBDT stack is triggered by

applying a high rate of rise voltage impulse across the RBDTs in the
Figure 3 shows the basic circuit used for generating the 1500-volt forward direction. This impulse is generated by dumping a trigger

input to the command charge modules. Each of the three raw dc mod- storage capacitor through a trigger transformer that is capacitively
ules has a power contactor in its ac input, and each power inverter coupled across the RBDT stack. Dumping of all trigger storage capac-
module is fed through an isolating diode at its output. These features itors to generate the trigger pulse is controlled by the trigger amplifier
provide the mean to remove a failed unit from the operating system chassis located to the right of the PN modules in the center shelf of

when a fault is detected. The raw dc module contains a three-phase the modulator cabinet. Various monitors are included in each PIN
ridge, step start circuitry to minimum in-rush current, and an LC module, including charging current, discharge current, and stack volt-
Iter. Approximately 540 microfarads of capacitance are provided in age, which can be used to detect a failed RBDT. Since the voltage

each of the modules. The 230-volt output feeds into an inverter mod- rating on the RBDT is a minimum of 800 volts per device, the hold-off
ule that contains the baic SCR inverter which operates into a step up voltage of the stack is at least 4000 volts. Operation of the circuit
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. -J voltage on the PFN is increased to 2825 volts and full performance
can be achieved with only three modules. Similarly, if the voltage is
increased to 3 k V and the full complement of PFN modules is availa-
ble, then operation is possible at up to 108 kVand 71 amperes with the
capacity built int. the modulator. The module characteristics under
various conditions are summarized below:

4inode 3-modals 2-medal. 4-eoede
OWnros Opermti Operasls Operada

Normal Normal Redueds M~adlam
Power Power Power Power

PFN Storage Voltage (V) 2375 2825 3000 3000
Pulse Current/ 1188 1584 1978 1562

- Module (A)
Pulse Power Out/ 1.22 1.62 1.63 ).92i Module (MW)

Total Modulator Pulse 4.86 4.86 3.27 7.67
Power Out (MW)

The PFNs that are used in the modules are constructed from dry
reconstituted mica capacitors and coils made from rectangular cross-

p section conductors. The mechanical construction of the PFNs is such
that the diodes that isolate each section are built into the network to
minimize lead length. They are, however, easily removable through
access holes in the framework of the PFN modules. The capacitance
of the pulse forming network used in each module is 2.02, 3.42, and
5.99 microfarads, respectively, for the 3. 6. and 12 microsecond por-
tions of the networks. Figure 12 shows the mechanical packapng of
the pulse forming network module. The switch stack is located near
the bottom and the PFN at the top. The backswing clipper circuit in
the center of the module makes use of the diodes mounted in a com-
pression fitting to the left of the noninductive resistors. Quick discon-
nect electrical connections capable of handling the high peak currents
are located between a pair of guide pins that provide for proper align-
ment when inserting the PFN module into the cabinet.

Output Transformer and Load

- .The output transformer is a high turns ratio device (1:88) with a
primary that uses copper sheet to combine the outputs from the four
PFN modules. Insulation is provided by kraft paper and the unit is

Figure 6. Raw de Power Suppl ad Regulator Cablad immersed in an oil tank. This same tank is used to provide the cooling
and insulation for the load used during testing. A 1667-ohm woven

requires a maximum hold-off of only 3 kV. Since the mode of failure resistor bank is immersed in the oil to provide the load on the trans-
of an RBDT is too short, the circuit can continue to perform within former secondary. The heat transferred to the oil is removed by water
specification with failed devices in the circuit. The voltage monitor for cooling circulated through heat exchanger coils in the tank. The con-
the stack is provided to give an indication that a device has failed. The tacts that provide isolation between the transformer and the PEN
relatively low voltage and high current levels employed when using modules in the event of module failure are located outside of the tank
RBDT switches result in low characteristic impedance for the PENs in and are mounted to the modulator cabinet wall adjacent to the trans-
this type of modulator. In this instance, the PFN was selected to have former/load tank location.
a I-ohm impedance per module. With four modules in a parallel
bank, the total source impedance seen at the pulse transformer pri- The transformer design is similar to that used on various produc-
mary is only 0.25 ohm. This low source impedance places a strict limi- tion programs, such as the TPS-43G. Because of the high leakage in-
tation on the amount of stray inductance that may be introduced by ductance that high turns ratio transformers tend to have, special
the copper path between the PEN bank and the pulse transformer. winding design is required. The leakage inductance referred to the
This restriction can be overcome by proper selection of location of primary is approximately 0.9 microhenries and the open circuit induc-
modules in the system and by the proper selectiotn of the type of high tance referred to the primary is about 67 microhenries. Figure 13 de-
current conductor used in the connections between the PEN modules picts a typical transformer in this class.
and the input to the pulse transformer. Among the candidates used
previously are multiple twisted pairs, coaxial cable, and copper con- Precision Replator
ductor/dielectric sheets. In this particular application, twisted pairs of
wire were used to facilitate connections made to the various contacts There is some degree of regulation provided by the power inverter
used to isolate modules. Because of the need to continue operation of modules, typically 0.5 percent. In cases where added transmitter sta-
the modulator when a PEN module has failed and been disconnected bility is required for applications like high performance MTI systems,
from the modulator, there is a need to consider what effects take place a precision regulator is necessary. The approach selected for this appli-
under those conditions. Figure I I is the load line nomograph that can cation is one which operates directly on the charge that has been ap-
be used for such an analysis. The normal mode of operation is with plied to the PEN. During each charge cycle, the PEN is overcharged
four modules operating at a storage voltage on the PFN of 2375 volts, by a small amount. The regulator is then turned on at a flxed time
The load is a klystron with a beam microperveance of 2.0. If a PEN before the discharge of the network. Charge is then bled off of the
module is dropped from the modulator PEN bank, the output current PEN at a rate which is directly proportiotu to the difference between
decreases by about 10 amperes and the output voltage decreases by the PFN voltage sample and a reference voltage. The reference voltage
about 10 V. In order to return to the original operating point, the is a level derived from the long-term average of samples taken from
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previous charge voltage samples. The result is that the reference, and the maximum PRF of 2000 pps. Previous production modulators have
therefore the PFN voltage, is free to float up and down with the high operated in the 250 to 700 pps range using RBDTs. In this system, the
voltage power supply. The dissipation in the regulator is minimized, use of power inverters to charge a capacitor bank which furnished the
and the short-term stability required for the MTI system operation is source for a command charge circuit was necessary. Prior techniques
maintained. Since coarse regulation is maintained by the power in- using inverters to directly charge the PFN modules did not allow suf-
vertcrs to within one step of inverter operation, typically 12 volts, the ficient time to charge the modules at this short interpulse period. By
precision regulator can then hold the pulse-to-pulse regulation of the having a limitation on the operating frequency of the inverters, the
PFN voltage to approximately I volt. The quality of regulation is also size of the voltage steps necessary to charge. the PFN in the interpulse
influenced by the amount of time that can be allowed for regulation period cause intolerable voltage ripple on a pulse-to-pulse basis. In
operation, in this case, about 50 microseconds. The regulation period addition, the command charge approach also offered a convenient
is determined by the PRF and by the amount of time required to way to incorporate the pulsewidth selection. Figure 17a, b, and c indi-
charge the PFNs. Obviously, more time, and therefore better regula- cate the voltage pulse which is measured at the rear of the cabinet for
tion, can be achieved by making the power inverters larger. Operation the 3, 6, and 12 microsecond pulses. Of primary interest is the effect
at higher inverter frequencies to minimize the inverter step size also on pulse shape of the diodes inserted within the PFNs to isolate be-
helps to improve the regulation. Figure 14 is a simplified schematic of tween the sections. A relatively flat pulse is achieved even with the
the regulator. For this.application, where the PFN is divided into three diode discontinuities. A slight perturbation can be noted on the ex-
separate pulsewidths, the sample of the voltage is taken from the 3-mi- panded scale in the upper trace of the 6 and 12 microsecond pulses.
crosecond segment since it has voltage applied to it regardless of which Figure 17 is a composite of the currents for the three puisewidths
of the pulsewidths is selected. The chassis housing the precision regu- taken at slightly different voltage levels on the PFN (100-volt dc varia-
lator is shown in figure IS. tion). The rise and fall times of the pulses appear to be excessive,
The synchronization of the regulator with the other modulator trig- particularly for the short (3 microsecond) case. The reason for this is

gers is shown in figure 16. The charge trigger input starts the appro- in the relatively long interconnecting cables that were required to mate

priate command charge of the PFN modules. As the voltage on the the various modulator assemblies with the disconnect switches used
storage capacitors falls, the power inverter modules turn on to replen- for automatic fault removal. The problem was further compounded

ish the energy withdrawn from the capacitors. When the regulator is by the mechanical layout of the cabinet which was dictated for the
triggered. current is conducted through the regulator in an exponen- program. The pulse transformer and load are located to the side of the

tially decaying rate up until the time the discharge pulse is triggered. modulator cabinet, rather than at the back where the PFN module
Because of the use of a staggered PR, variations in interpulse period output connections are located. Testing was done to verify that the
occur which are compensated for by varying the time between the automatic fault sensing and reconfiguration circuitry functioned as
pulse discharge and the time at which the command charge modules desired with good results. It seems, therefore, that the inclusion of this
are turned on. circuitry is a mixed blessing. Since further testing is scheduled for the

modulator, one of the prime items will be a revamping of the intercon-
Test Data nections to the oil tank from the modulator. There is every reason to

believe that rise times on the order of I microsecond will be achieved
Since a number of the features that can be achieved with solid-state based on the history noted in a variety of different production RBDT

RBDT modulators have been described in previous papers, we will modulators.
address here those items which are peculiar to this program. First is
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PRECISION PULSE REGULATOR FOR RADAR MODULATORS

Charles A. Corson
Westinghouse Electric Corporation

Baltimore, Maryland

SUMMARY power in an 11 KW average power modulator. The shunt

regulator assembly was later modified to regulate the

The transmitted RF in modern radar systems is PFN voltage in an ARSR-3 radar transmitter

required to have a high degree of phase stability, modulator. The Westinghouse ARSR-3 radar is used by

This in turn places a stringent requirement on the the FAA for air traffic control. The modified unit

pulse to pulse repeatibility of modulator systems was designed to regulate the existing 0.0% pulse to

that power the RF amplifiers in high performance pulse PFN voltage variation down to .0.001% with a

transmitters. This paper describes how a single single transistor and dissipated only 90 watts out of

transistor has been used to control the pulse forming the 18. 5 KW in the modulator (99. 0 efficiency).

network (PFN) voltage in an 18.5 K0 average power Figures 1 and 2 show the breadboard of this regulator.

modulator to +0.001% pulse to pulse. A 90 watt all

solid state high voltage regulator controlled a 3000
volt PFN pulse voltage with less than 1/2 dissipated REGULATOR CIRCUIT DESCRIPTION

power loss. Staggered pulse repetition rate

variations of +30 were demonstrated. Figure 3 is a schematic of the basic regulator.

PFN voltage is sampled and compared against a

reference. The error is amplified to drive the

HISTORICAL OEVELOPMENT regulating transistor. Regulator current is sensed

and fed back so that regulator current is
In the early 1970's, Westinghouse developed two proportional to PFN error voltage. This produces

different high voltage, high power shunt regulators exponential current and error voltage which approach

to regulate PFN voltage in a transmitter modulatoi. perfect regulation at the rate of the time constant

One regulated a 3 pulse to pulse variation on a of the regulator loop. R1 was chosen to pass

25 KY PFN to +0.00 and the other regulated a 4% slightly more than the maximum average current that

pulse to pulse variation to +0.02 on a 3 KV PFN. would be needed to shunt regulate the PFN voltage

Both regulators dissipated about one thousand watts based on expected performance without this

at a cost of about % of the total system power, and regulator. Cl was chosen so that the pulse to pulse

both regulators were designed using a vacuum tube as voltage variations across RI would be considerably

the dissipative shunt load. This was required less than the zener (VRI) voltage rating, which is

because of the high voltages involved. In 1978 a new lower than the transistor (gl) voltage rating. Cl,

technique was developed which allowed the vacuum tube Ql and VRl can be seen in Figure I and Rl is shown in

to be replaced with a solid state regulator. A Figure 2. Selecting these components was relatively

regulator was designed for delivery in several radar easy. What could have been difficult was providing a

systems for a foreign country. A 2 1/0 pulse to stable reference. If a system were to produce 1%

pulse variation on a 3 KV PF'N was regulated down to pulse to pulse PFN voltage, the regulator would then

+.00-% and the power dissipated in the regulator was be required to bleed about 1% of the modulator power
4 of the modulator power. At the same time another continuously. A slight drift in the reference or

design was being developed at Westinghouse to reference divider (say 1/23) would throw the

demonstrate +0.001% regulation on a 2.5 KY PFN. This regulator out of control so that it was either turned
unit was used in conjunction with a Westinghouse on all the time or not turned on enough and not

developed char ing technique that pre-regulated the regulating all pulses. Therefore the absolute

PFN voltage to 3.4 pulse to pulse without any reference level must be held to a much tighter

dissipative regulators. This solid state shunt tolerance. An adjustment potentiometer would permit
regulator dissipated only 12 of the total modulator this but would not automatically adjust for major
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changes in the PFN voltage level. Some applications period which corresponds to regulating the 3 (V PFN

allow a proportion of the output to be heavily voltage down another 3 volts. This helps to

filtered and adjusted with a potentiometer as the compensate for PFN droop caused by leakage and bleed

reference. This can be reasonably successful except currents. In a staggered pulse rate system, the

for tight tolerance applications where temperature or regulator will complete its regulating function

long term drift may alter the relationship of the varying times before modulator discharge due to the

actual PFN voltage to the regulators' reference. variable interpulse periods. After this time, the

This problem was overcome with a floating reference FFN would continue to droop and would droop varying

derived from the average current in R2 instead of the amounts because of the varying amounts of time left

PFN voltage or a fixed reference. before discharge. By performing the second

regulation step to a slightly lower level which is

Figure 4 shows how this reference was lower than the maximum expected droop, these errors

implemented. R2 senses regulator current. R3 and C3 are practically eliminated. The change in reference

filter out the pulsed characteristics of the is triggered 100 microseconds before modulator

regulator current. Amplifier A2 has a fixed gain of discharge. This is about 20 of the total time

about 100. Because RA and CA are l.,Je values and R5 available for regulation and more than adequate for

is small, the voltage on CA does not change the final precise regulation.

substantially from pulse to pulse but has a fixed

ratio to the average regulator current. Because of PERFORMANCE PARAMETERS

the gain in A2, drift in the reference and part value
tolera-ce effects were corrected by the gain of A2. The ARSR-3 modulator being regulated had the

When the PFN voltage is intentionally changed, the following characteristics:

floating reference voltage on C4 adjusts itself in

the same direction. Regulator current charges Video Pulsewidth 3 microseconds

proportionally with FFN voltage. By controlling Pulse repetition rate 330 P5 +3(% with a

regulator current, regulator losses have been staggered variable

maintained very close to the minimum level required interpulse period.
for Perfect regulation, and excess power has not been FFN voltage 3.1 KV maximum, linearly

thrown away to make up for parts tolerance and drift, adjustable down to 2 KV.

PFN energy 55 joules Per pulse
his regulator was designed to be adjusted to Average power Up to 18.5 KW

pass 80% of the bleed current in RI through Q1 and Modulator pulse 135 KV S 104 Amps, or

20% through VRl. In this way, changes in component 14 megawatts out of the
values because of temperature drift or aging may step-up transformer

change the BO, but not so much as to require greater

than l0CX to pass through Ql or to cause a small The FFN shunt regulator had the following
enough value that the transistor cannot maintain performance:

complete control of the regulation. This was made

possible by the small vaiue of Cl which bleeds about Regulation 1.5 volts pulse to Pulse

90 volts from pulse to pulse. This bled down voltage disturbance was regulated

must be recharged either through Ql or VRI. Note to +30 millivolts, or

that the peak PFN voltage was only varying about (+0.0012)

1.5 volts (0.0X) before adding the regulator. The Dissipated power 90 watts maximum (0.%) by

regulator actually discharges an average of 8 volts a single transistor on a

off of the PFN each pulse and therefore has plenty of convection cooled heat

range to fully regulate every charge cycle. sink.

One other feature in this regulator Is the small Note that due to the unique "floating reference"

change in reference that is triggered a fixed time on CA, this regulator can also regulate at the reduced

before modulator discharge. The reference is reduced power level without adjustment when the PFN voltage is
about 0.1% during the last portion of the regulating turned down.
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Figure 5 shows the PFN voltage, reference change Its outstanding features are its precision

command and regulator current waveforms. Figure 6 regulation and high efficiency. Its low loss allows a

shows a train of about 25 pulses with 1 volt/cm. very small unit to accomplish very impressive

sensitivity and the oscilloscpe is offset about 3 KV. performance, as shown above. The simplicity of this

The top of the traces shows the unregulated voltage regulator provides a low parts count with very few

that is to be corrected. The bottom of the traces power components. The low parts count and low power

shows the final regulated level after discharge. provide high reliability. Because the average
Figure 7 shows a train of about 100 pulses with regulating power is determined by the bleed resistor

0.1 volt/cm sensitivity. Modern high performance MTI and capacitor (Rl and Cl) this unit cannot be

radars only compare 3 or 4 adjacent pulses and so it overloaded.
is the variation from pulse to pulse that must be held

constant. The precise regulating capability ano versatility

of this circuitry make it a very powerful tool thatCONCLUSION
will undoubtedly be used extensively in the future.

The value and versatility of' this regulating

technique has been proved by its use in several

different production systems. It is adaptable to PFN

voltages from several hundred volts up to many

thousand volts. It can upgrade the performance of a

modulator in an existing transmitter to deliver high REFERENCES

stability performance. MTI Improvement Factor limits

of well over 60 dB are achievable. Because the 1. C. A. Corson, A Modular Modulator For An Air

regulating element consumes a small portion of the Defense Radar, Twelfth Modulator Symposium,

regulator power and only needs to be exposed to a February, 1976, New York, New York.

portion of the PFN voltage, this technique can be

applied to high voltage systems as a total solid state 2. C. A. 'brson, U.S. Patent No. 3,781,690 -
design. "Improvea PFN Voltage Regulator", (1973).

Figure 1 - Shunt Regulator Breadboard, Too view Figure 2 - Shunt Regulator Breadboard, Bottom view (
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AN EVALUATION OF CHARCING TECHNIQUES
FOR

LINE TYPE-MODULATORS

Edward H. Hooper
Westinghouse Electric Corporation

Command and Control Division
P.O. Box 1897

Baltimore, Md. 21203

Summary arily within the charging system during the
PFN charging interval. This will be called

Inverter and inductive flyback techniques the storage factor (SF) of the system and is
for charging a pulse forming network in a defined as follows:
line type modulator are compared with reson-
ant charging techniques in an analysis which Peak energy stored within the
highlights the advantages of each approach. charging function O
The bases for comparison include the per Total energy placed on the xFN

pulse energy transferred to the network,

total voltage transformatlon ratio, internal
energy storage requirements, and regulation As the percent energy storage factor
and control of network storage voltage, increases, then the charging function will

Each technique is defined and described, tend to become physically larger and heavier
including performance characteristics and or more complex, or both for a given average
essential parameters. Resonant charging is power level of operation.
carried through command charge control with
de-Qing or post charge shunt regulation. Both The benefits to be derived involve
the inverter type approaches and inductive consideration of the charging system as a
flyback approaches are shown to eliminate the whole with respect to such factors as the
need for bulky and heavy high voltage trans- following:
formers operating at power line frequency.

1. Regulator requirements on the basis
Introduction of pulse-to-pulse voltage control

achievable by the charging system.
The charging of a pulse forming network

(PFN) in a line type modulator is a control- 2. Primary processing size and weight
led transfer of energy from a source to the savings weighed in the context of
FFN within an alloted time interval. Figure charging system size and weight or
1 identifies the charging function in terms complexity.
of its relationships with other parts of a
modulator power chain. Primary processing 3. Reliability and maintainability gains.
and storage, with or without voltage trans-
formation, establishes a DC voltage source 4. Versatility in modulator performance
for the charging system. The regulator func- which the charging system affords.
tion adds precision to PFN voltage control
beyond that provided by the charging system Series Inductive Charging
by precisely diverting energy either during
or followir.; rharging system operation. Series inductive charging is conven-

tional resonant charging either through a
Three methods of controlled energy trans- charging diode or a triggered switch such as

fer in the charging function are as follows: a thyrutron or a thyristor. In this method,
as illustrated with a triggered switch In

I. Seris. inductive, as in conventional Figure 2, energy transfer is affected
resonant charging, either free running through action of a series inductor between
or with command start. the source and PFN.

2. Shunt inductive, as In inductive In the circuit in Figure 2, as illustra-
flyback transfer. ted by the waveforms, charge transfer from

source to PYN begins with triggering of the

3. Inverter, in which both inductance switch and continues as a half-sinewave
and capacitance are employed in a pulse of current. The source is assumed to
multiple cycle energy transfer be a voltage source of voltage E and the PFN
process. is assumed to have no initial charga. The

peak value of current is then E/4'L/CTFN
Each has unique characteristics and its and the final voltage on the PFN Is 2K

suitability to a given situation must be' volts. At the current peak, PFN voltage just
evaluated in terms of costs and benefits. equals I and the energy Vpry in the PIN

and the energy WL in the inductor, are
Cost, in this instance, Is in terms of equal, or

size, weight and complexity. A useful index a 2
of cost is the percentage of total energy i"NI . -U 2
placed on the PFN which is stored teupor- w 2 2 N I -IN
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In -charging" the inductor from the source to the PEN, which is in parallel with the
an equal amount of energy has been placed on inductor but isolated by a blocking diode,
the PEN. In -discharging" the inductor during when the inductor charging switch is opened.
the remainder of the charging period, an add- Then the emf of the inductor reverses to
itional equal quantity of energy is keep current flowing, the diode conducts,
transfered from the source to the PFN with and the energy stored in the inductor is
the results that at the end of the charging transferred to the PEN.
cycle, the inductor is empty and the PEN is
charged to four times the energy that it The energy transferred by this method is
contained at the midpoint of the charging a uniquely controlled parcel. The energy
cycle, or placed on the PEN is given by

WPFN "T %prN (2 4 [ F 4 WPFN -L L12 CP1 VPFN

where
The transfer of energy has been accomplished el
with an intermediate storage of only 25% of L

the total energy transferred.
is the current in L at time T when the

In this method of charging, close switch SW is opened. The voltage placed on
cycle-to-cycle regulation can readily be the PFN is given by
achieved by dumping the inductively stored T
energy at any time after PN voltage exceeds VPFN" P I - E

the source voltage. This is the common V

practice of de-Qing whereby inductor energy The ratio of voltage placed on the PFN to
is either dissipated or returned to the the source voltage is determined by the
source at which time all transfer of energy ratio of switch closure time T to the
to the PFN is stopped. Figure 3 illustrates resonant frequency of L and CPFN.
the action of a de-Qing path Q in which
inductor current is diverted following the Figure 5 shows a variation of this
firing of switch SW2 at any time T such that approach in which the inductor voltage is
wT= ! and wT - v. Voltage placed on the clamped to the source voltage to relieve

2
network can be controlled closely over the voltage stress on the switch devices. The
range of from E to 2E on a pulse-to-pulse inductor has taken on a secondary winding
basis. The diverted current represents en- related to the primary or original winding
ergy which may be dissipated or more de- by a ratio n. The diodes now clamp the
streably returned to the dc source. The voltage on the PEN to the transformed
price paid for this degree of control is an primary voltage nE in the manner illustrated
increased stored energy factor. In the in Figure 5. Note that when operated into

extreme of maximum de-Qing in which wT = the diode clamping range, some inductive
-2 energy is returned to the source so thatenergy stored is equal to energy trans- more energy is stored than is placed on the

ferred and the energy storage factor PEN. In this case, the storage factor
increases from 25Z to 1002. becomes greater than 100%.

Shunt Inductive Charging
Inverter Approach

Shunt inductor charging transfers energy
from the source to the PFN by way of an In the inverter approach, energy is
inductor in which the entire amount of transferred to the PEN in multiple small
energy transferred is stored and then parcels in repeated operations similar to
transferred to the PFN. This approach either of the inductive transfer approaches
inherently has an energy storage factor of above. Each charging cycle of the circuit
1002. However, it offers the important places only a small portion of the required
advantage of incorporating voltage charge on the PEN. With shunt inductor
multiplication through circuit action. operation transfer is affected with the same

storage factor. However, with series
Figure 4 illustrates the basic shunt inductuctive transfer an auxilliary capaci-

inductor charging approach. Energy Is tive storage element must he used and a
transferred from the DC source to the significant amount of circulating energy
inductor through a switch as a ramp up of must be handled by the inverter relative to
current determined by source voltage and the energy transferred to the PEN.
inductor inductance. Energy is transferred
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When multiple Cycles of operation of a 2

shunt inductor system are used to charge a
PIN, the total energy placed on the PIN is CINV TN CPPN

first stored in the inductor and only
portions of total energy are handled at a Energy transfer per half cycle in the

time. Implied in this form of operation is inverter circuit ranges from 2.5 CNV 2

lower inductance inductor than and would be with no voltage on the PIN to 1.5 CIN V g2

used with a single step and a switching as the maximum charge is approached for a

current which is higher. The net result is total average energy transfer of 2 C 2NV £2

no gain in performance but an increase in per step. The average energy transferred

control difficulty and possibly a physically In the inverter per half cycle is then

larger inductor. The energy storage per 232 c E2
total PIN charging cycle remains the same Wg 2 

2  
SN . PFN

since the total energy placed on the PFN NVI , " N

must first be stored in the inductor.
In terms of total energy transferred by the

On the other hand, the use of series inverter circuit
inductive transfer in an inverter WINv TOTAL N WINV
configuration offers control of energy - 3.

transfer and voltage transformation through W*PN  w*N
high frequency transformers much smaller and The conclusion from this is that the total
lighter in weight than those required at energy transferred within the inverter is
primary power frequencies. Basic to this 320% of that placed on the PIN while the
approach is transfer of energy within the maximum energy stoied in the inverter is
inverter on each cycle which is high this same percentage divided by the number
relative to that transferred to the PIN per of steps required to charge the network.
inverter cycle.

Figure 6 Is an example of an inverter Conclusion
charging approach using series inductive
transfer. The circuit in figure 6 is a half Table I summarizes the results of this
bridge inverter with backswing diodes and discussion and characterizes the charging
triggers timed ati radians into the back- approaches on the basis of ideal operation
swing current. The waveforms in Figure 6 right up to limiting conditions. The price
illustrate its operation. The maximum paid in energy storage is lowest in most
voltage to which the PIN can be charged by cases with an inverter type charging system.
this circuit approaches (nE)/2 where n is For example, with 50 step charging the
the transformer turns ratio and K is the DC maximum energy stored is 6.4% of the total
source voltage. This limitation is imposed energy placed on the PIN. At the same time
by limiting the range of circuit operation the amount of energy which must be handled
to that which will cause current reversal by the system's active devices is highest in
through the SCR-diode combination and force the inverter. In overall terms, the inverter
SCR recovery. The maximum energy WPFN and the shunt inductor approaches offer the
which can be placed on the PIN is then additional advantage of not requiring bulky

S 2 n2N2 and heavy transformers operating at primary
WPFN 4 cppN(,.) power frequency to transform voltage.

for the limit to which the PIN can be All three approaches have been employed
charged, the average inverter half cycle in radar transmitters of approximately the
charge transfer QINV is same power levels. Figure 7 shows a

system employing command charging of the
0
lNV *C 1Nv'v 1 Nv - 2SCINV PFN's; Figure 8 has the same average power

but uses the shunt inductive method of PIN
where the voltage swing on the inverter charging and is a cabinet assembly of
capacitor over the full PPN charging one-half the size. figure 9 is a photograph
internal ranges from 3£ at no PIN voltage to of the modulator cabinet, including all
2E at maximum PIN voltage. Also power processing, for a tactical radar system

,7 of 50% greater average power using an
inverter system. The impact on size (and3NV N 2N weight by implication) is obvious. The use

where N is the number of inverter half of the shunt diode approach and inverter (
cycles required to charge the PPN to the approach resulted in a reduction in volume
maximum voltage of (nE)/2. Equating the two, by one-third.
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Table I Comparison of Three Basic Charging Approaches

Charging Function

Primary Storage Storage Transfer
Processing Factor Factor

Series Inductive Line Freq. HV 25% 100%
Transformer Capacitor
and Rectifier

Shunt Inductive Rectifier Electrolytic 100% 100%
Only Capacitors

Inverter Rectifier Electrolytic 3201N% 320%
Only Capacitors

82-1625.-BA.10

Primary Primary Charging PFN
Power Processing Function

Storage Regulation

82.162"SA-2

Figure 1 Basic Changing Model
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DEVELOPWENT AND EVALUATION OF SYSTEMS FOR CONTROLLING
PARALLEL HIGH di/dt THYRATRONS

Allen Litton and Glen McDuff
University of California, Los Alamos National Laboratory

P. 0. Box 1663, Los Alamos, New Mexico 87545

Abstract

Increasing numbers of high power, high repeti- 21 -

tion rate applications dictate the use of thyratrons _

in multiple or "hard parallel" configurations to > 18?, l0.5

achieve the required rate of current rise, di/dt. 1s
This in turn demands the development of systems to Z
control parallel thyratron commutation with nano- 'A
second accuracy. Such systems must be capable of
real-time, fully-automated control in multi-kilohertz 15 14..,3
applications while still remaining cost effective. 4TUI 1
This paper describes the evolution of such a control
methodology and system.

0 11.14
Three techniques to control thyratron commuta-

tion have been examined and tested resulting in the I I
development of a computer-controllod system. By 5.? 5 , 6.3 6.5 6.7 6.9
proper correlation of trigger timy and amplitude,
three thyratrons have been operated in hard parallel RESERVOIR VOLTAGE [TuE PfESSURE (vwtws

with a common 10 Q PFN and load up to 1500 pps. The
discharge circuit and controls have operated over 10 Fig. 1. Dynamic breakdown voltage vs reservoir
shots without faults. Load current jitter has been voltage.
maintained to ±2 as at the 25 kV 10 0 operating point
with little or no change in current sharing with than 1% accuracy; however, the grid-anode spacing
changes in repetition rate. This characteristic may vary up to ±20%. Thus it is the "d" term of the
lends itself to applications requiring forms of pulse Pd product causing the difference in breakdown volt-
modulation. The proposed control circuitry uses cur- ages. The small difference between grid-anode

rently available off-the-shelf analog and digital spacing which may be acceptable in a single tube
components to keep system costs low. circuit has a drastic effect when thyratrons are

operated in parallel. Further measurements were
S umma rmade to observe the differences in anode or commuta-

lion delay vs reservoir voltage between the tubes.
As reported a year ago,

1 
two low-inductance As expected, the tubes were quite different in this

HY-3103 thyratrons were operated in "hard parallel" respect, but the delay was linked loosely to the
in a 25 0 modulator circuit at repetition rates to tube's dynamic breakdown.
250 pps. This was accomplished by adjusting the
negative grid bias (thus the anode delay time) to The reservoir voltages for the two thyratons
force the thyratrona to commutate at the same time. were adjusted to closely match the commutation delays
This method allowed the use of a single source to and the thyratrons were reconnected in parallel.
trigger both tubes, thus reducing jitter. A common This modification improved the circuit stability con-
driver may also reduce the cost, particularly in a siderably, allowing operation of the modulator at up
multiple-tube circuit, to 1000 pps at rated thyratron voltage. The require-

ment for frequent bias adjustments was found to be
Adjusting the negative-grid bias affects more relaxed somewhat, reducing the need for high speed

than just the anode delay time, as recovery, anode controls.

falltime, and field grading within the tube also
change. Controlling commutation in this manner Even though the instabilities were reduced, the
proved possible but at high repetition rates these negative bias adjustment was still very critical,
characteristics made operation very unstable and requiring an absolute accuracy of better than ±250 mV.
adjustments critical. A bias update rate of several Further experiments with reservoir pressure, trigger
times a second was found necessary to maintain con- amplitude, and bias control led to the conclusion
trol, requiring very high-speed analog and digital that direct adjustments to the thyratron were too
circuitry. It was decided to investigate the char- sensitive and affected too many of the tube charac-
acteristics of each tube separately to see if any teristics to be of practical use.
parameter could be identified as causing the insta-
bility before trying other control methods. Trigger Delay Control

Tube Characterization The next method of comutation control investi-
gated provided separate triggers with adjustable de-

The first measurement made was dynamic breakdown lays to each of the thyratrons. The dynamic break-
voltage vs reservoir voltage (tube pressure) and the down voltages of'two nev IY-3013s was determined and
graphical results are shown in Fig. 1. Both thyra- the tubes were installed in the parallel tube dis-
trons were new and operated in the same resonant charge circuit. Circuit parameters such as drive j
charged modulator circuit when taking these data. voltage, drive impedance, bias, etc. were identical.
At first glance, it appears that the tube pressures The anode delays were measured at test conditions for
are different. Conversations with EG&G engineers each thyratron and the trigger delays were set so
revealed that hydrogen fill pressures have better that the thyratrons would commutate at the same time.
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The thyratrons were brought up to rated voltage
(25 kV resonant charge) and the tube currents were
250 amps peak each. Anode voltage was varied from
16 kV to 30 kV and the repetition rate from 100 pps
to 1500 pps with less than 15% change in shared cur- GOMM
rent amplitude. This method proved to be the most
reliable and agile way of controlling parallel thy-
ratron comutation. For a fixed anode voltage, the
trigger delays would need adjusting a maximum of once OPTIC v"
an hour regardless of repetition rate. Continuous V-1 OM- 5

runs of 6 to 8 hours were common at rated thyratron , LO

voltage and 1000 pps. C M

All tests up to this point were done at a low
peak current and thus low di/dt. Since good success
was achieved with the individual trigger delay C L

scheme, the next phase was to expand to three thyra- ..LAY 9 Z:=

trons and lower the discharge circuit impedance from GENERATOR

25 0 to 10 0. A photo of the three-tube discharge
circuit is shown in Fig. 2. Care was taken to re- ------------
duce the discharge loop inductance and still limit
the tube di/dt to 1011 amps/sec. It had been found Fig. 3. A block diagram of the three-thyratron test
previously that when the di/dt in the HY-3013 was in circuit.
excess of 1011 amps/sec at 1000 pps, anode heating
would cause the gas density (thus ion generation
rate) to become sufficiently low to cause arcing in
the grid-anode gap.

2

A block diagram of the three-thyratron test cir-
cuit is seen in Fig. 3. Performance of the three-
tube circuit was equal to or better than the two-tube
circuit. Lowering the impedance from 25 Q to 10 0
did not affect the behavior of the thyratrons or the
current-sharing stability. However, 10 Q is still an
order of magnitude higher than the impedance level
ultimately needed. An oscillogram of the three tube
currents and the load current is seen in Fig. 4. It
should be noted that the load di/dt appears to be
greater than the sum of the thyratron di/dts. Be-
cause the effort of this program was to perfect a
stand-alone system to operate thyratrons in hard
parallel, the effect of di/dt enhancement was not
investigated at this time. Current pulse parameters
for both the two and three tube modulators are shown
in Fig. 5.

Control Methodology

All development activities used Tektronix wave-
form digitizers to provide the nanosecond time reso-
lution needed to control thyratron commutation. The Fig. 4. Oscillogram of three tube current pulses.
thyratrons would current share if the comutation of Top three traces - tube currents 200 A/div.

Bottom trace - lead current 500 A/div.
Horiz - 100 ns/div.

IWOPARALLEL HY-301 &, *25kV pm-1000 pp Z -2511

didt CURRENT RMSTIME PEAK CURRENT

UBES 2LlD10AI, 30 n S EA

LOAD 5.2 xiO0Als 31) n IOOSA

ThREE PARALLEL MY-3013 a" - kV W r 1000 PP Z - 10a
dldt CURRENT RMi[TE PEAK CURRENT

rUSg I.4 A 10
1
0s 25 M 40 A

LOAD s.5 Alo
s 

Ai 20 M 1200 A

Fig. 5. Current pulse parameters for both the two-
Fig. 2. Three parallel thyratron test circuit. and three-tube modulators.
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all tubes was within a 2-4 ns window. Conventional All development of the control circuitry has
counter-type measurement techniques can at best give utilized the waveform digitizer for performing the
20-nas resolution, which is far from the nanosecond integration, sample hold, and A/D functions and a
resolution needed. Sophisticated analog frequency PDP-I has performed the microprocessor and program-
shift techniques can give the real time resolution mable delay functions. The discrete integrator,
required, but are extremely involved and expensive, sample-hold, and A/D portion of the control system
Using waveform digitizers with computer control is a has been built and tested but a complete system has
viable solution but also expensive, not been completed.

A block diagram of the system devised to control Future Areas of Development
thyratron commutation is shown in Fig. 6. This con-
trol technique is based on charge transfer rather The successful operation of three hard parallel
than real-time current measurements. The common thyratrons makes the probability of using four or
energy store (PFI) is charged to voltage V and cor- more tubes very good. Having reduced the impedance
responding charge Q. With three thyratrons, each of the discharge circuit from 25 Q (2 tubes) to 10 Q
should pass Q/3 in the same amount of time if equal (3 tubes) with no degradation in performance sug-
sharing is achieved. The output of the thyratron gests development should be continued. fmultiple
CVR is integrated (to give Q), amplified and fed to uninterrupted 5-hour runs have proven the principle
a sample-hold. The sample-hold is triggered at a and stability of the system. Several characteristics
predetermined time during the current pulse and the of this system favor its use in applications where
value of Q is stored. A low speed A/D converter repetition rate and/or power agility are required as
translates the value of Q to an 8-bit digital word. in high-energy laser systems or pulse-modulated power
The microprocessor averages all the values of Q and systems.
subtracts each Q from the average. If the differ-
ence between the average and the measured Q is within The next proposed step is to complete develop-
predetermined range, the microprocessor does nothing. ment of an integrated stand-alone control system for
If the difference is out of tolerance in the negative up to five parallel tubes. One suggested application
direction, that particular thyratron is commutating involves construction of a fully-instrumented five-
too early and the microprocessor adjusts the program- parallel thyratron-switched pulsed charged line in
mable delay accordingly. Likewise, if the difference stripline geometry, possibly with an excimer laser
is out of tolerance in the positive direction, the load. Testing the system in an actual laser environ-
tube was fired too late. Experiments show that delay ment is most important to the development of a reli-
adjustments in two nanosecond steps is adequate to able control system.
force current sharing. Hybrid programmable delay
minicircuits are available that can increment in I ns Conclusion
steps from 1 ns to 255 ns and in 2 ns steps from 1 ns
to 530 ns. These programmable delays interface di- Several methods for the control of hard-parallel
rectly with the 8-bit output of many microprocessors. thyratrons have been investigated and discussed. The

most promising method of control developed so far
seems to be accurate control of individual thyratron
trigger timing. A method of using conventional an&-

, ,log and digital technology to implement a computer-
mfEURAVU ANKENI5 SaUmE-A controlled system is shown with hopes that a complete

system can be demonstrated in the near future.
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Fig. 6. Control system block diagram.
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A NOVEL VOLTAGE MULTIPLICATION SCHEME
USING TRAN5MNS5'UN LINES

Ian 0. Smith

Pulse Sciences Inc.
Oakland, California

Summary

The transmission line shown in Fig. 1, consisting To calculate how the voltage cancellation pulse

of a series of sections with equal transit times and launched by the switch increases in amplitude as it

having impedances in the ratios shown, has a unique travels along the line, we note that the impedances Zn
and surprising property. Consider that it is charged and Z + ' 1c the nth and (n + l)th line sections are

to a dc voltage V, and that a switch is then closed at n(n +)Z 172 and (n + 1)(n + 2)Z1/2. From the usual
the low impedance end. A voltage-cancellation pulse transmission line results it can readily be shown that
travels along the line, and its amplitude increases as between these sections the voltage cancellation pulse
it passes through the successive mismatches. Thus, it increases by a factor (n + 2)(n + I). Therefore the
produces a voltage reversal that increases in the voltage pulse entering the last or Nth section is
successive sections. At the eventual open circuit,
voltage doubling occurs, further increasing the
voltage reversal and changing the initial voltage V to -V x 3 x 4 x 5 . . . x N x N + I

an open circuit value - NV, where N is the number of 7 1 ' R -

sections, which is arbitrary. If at the time this
voltage is created a matching load is connected to the -(N + 1)V/2

line, for example by closing the switch S', all of the This voltage doubles at the open circuit; after
energy that was stored anywhere in the line is This voltage s at the vortage

immediately delivered to the load in a single the Initial charge voltage is subtracted, the voltage

rectangular pulse whose duration is only the double produced is seen to be -NV. After the switch S' is

transit time of one section. This is true no matter closed, the voltage into the matched load is -NV/2.
how long the line. The pulse that travelled along the This remains constant for a time 2t, where t is the

howlon te lne Th pusetha taveledalng he single transit time of each section, since no
line accumulated all of the stored energy as it went, reflections can r each secin sime no
and delivered it promptly to the load. There are no reflections can reach the load in this time. The
reflections carrying energy back towards the switch S energy delivered is

from the mismatches at the line junctions. (NV/2)2 x 2t/ZN

Voltage gain has been obtained as in the more . V2t/(N + 1)Zj (1)
familiar tapered-line transformer, but 

with one

hundred percent efficiency. The capacitance of the nth section is

rn the following parts of this paper the
properties of the transmission line, here named the Cn = t/Zn - 2t/n(n + I)Z1

cumulative wave line (CWL), are proved; te and its stored energy is
non-reflecting properties of the junctions are
discussed; the incorporation of the CWL in circuits 1/2CnV 2 - V2t/n( n + 1)Z1
known as Darlington networks is tescribed; it is

exnlained how any CWL can be the basis of an air-cored The total stored energy is therefore
accelerator stace; and ore variations on these T
circuits are pointee out. V2t N I 2t, 1

S,
CHARGE VOLTAGE V X = V

2
t 1 - 1/2 + 1/2 - 1/3 1ZjN

Z'2 rl- L
s x X . V 2 t r ' - 1 "7

Z' 3Z, 6Z. 1OZ, Z -
Imvedances) - NV2t/( N + I)Z1

Figure 1. The cumulative wave line.

rhis is equal to the delivered energy calculated

Proof Of The Properties Of The CWL in equation (i), so that the CWL is one hundred
. .. percent efficient.

The cumulative wave line (CWL) consists of N

connected sections of transmission line with equal The question arises why energy is not reflected

transit times, Fig. I. The long line so formed is hack from the mismatches towards the switch S and

charged to a voltage V, then shorted at one end by an thereby lost from the initial pulse. The answer is

ideal switch. The impedances of the line sections, as that wren a pulse is incident on the junction between

ritios to the impedance Z1 of the first or switched two transmission lines, an impedance match is the

section, are the sccessive sums of the natural condition that maximum power be transmitted only when

integers; 1, 1 * 2 - 3, 1 + 2 + 3 * 6, and so on. The the lines are initially uncharged; otherwise, a
final or Nth section therefore has an impedance N(4 + narticular mismatch is required. Figure 2 Illustrates

the generaT'T-i7 A voltage transient V travels in a
line of impedance Z towards a junction with a line of

impedance mZ, both lines being initially charged to a

Work Supported by Sandia ational Laboratories. voltage -fV. The power delivered to the second line

Alhuquerque. is easily calculated to be
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P f 2m- z V2  The open circuit voltage gain is (N + 1).
T Note that the CWL "sees" an Impedance

This has its maximum when Z' + R - (N + MN + 2)Z1/2

m - 2 + f (2)

which would be the impedance of the next CWL section
which makes if one were present; thus the CWL sees just the

mismatch that it needs in order to be efficient.

P - (1 f/2) 2 V2/Z With N - 1 the circuit is that known as the
CHARGEVOLTAGEfV Blumlein, Figure 4a. The circuits for N a Z and N - 3

are illustrated in Figures 4b and 4c; they have
matched gains of 3/2 and 2.

V Z mZ Z 2ZX Z

Figure 2. General case of voltage pulse incident on junction in n a. N 1 IBlumlenl
charged line.

This is the same as the power the first line 3Z/2 9Z/
could deliver if it was terminated in an open circuit 3z
and then connected to a matching load when the pulse X Z
arrived, i.e., it is all the power available.

b. N=2
If the two lines are uncharged, then f - 0, and

the optimum value of m from equation (2) is unity - 2Z
the lines should be matched in this familiar case. In

the first line section of the CWL there is a charge 8z
voltage equal to the pulse voltage, that is 6Z
f - I; equation 2 now shows that m - 3 is needed for zZ
the first mismatch. In subsequent sections of the CWL
the pulse amplitude gets progressively larger than the
charge voltage, reducing f and consequently reducing c. N=3
the mismatch ratio needed in accordance with equation
2. Figure 4. First three Darlington networks.

Darlington Networks Induction Accelerator Circuits

The circuit for these is shown in Figure 3. It Several air-core linear induction accelerator
employs a CWL whose final (Nth) section shares its circuits have been identified which can accelerate qn
charged conductor with another transmission line electron beam with one hundred perent efficiency {I.
section of the same transit time as those composing Figure 5 shows two of these, in forms known as radial
the CWL. A resistive load R joins the ground pulsE lines (coaxial versions are possible, too).
conductors at the output ends of the two lines. They each consist of an initially charged conductor in

a grounded cavity that it divides into two radial
Zi transmission lines in which energy is stored. When

the switch is closed the charge voltage appears across
SZ N z  the accelerating gap, but no beam is present. When

the pulse from the switch has travelled through both
lines it reverses the sign of the voltage at the

Z' 3Z, accelerating gap for a period during which the beam is
passed through the gap and acce'o-ated. If the beam

Figure 3. The Darlington network, current matches the line that feeds the gap, all the
stored energy is extracted.

The single line section removes the need for the The circuit in Figure 5a is due to Pavlvskii(2),
second switch S' in Figure 1. The resistive load sees and forms the basis of his accelerator LIU 10M .

no voltage until the pulse generated by the CWL That of Figure 5b is due to Eccleshall and
arrives. This pulse reverses the sign of the voltage Temperley 4). Both circuits can be considered to be
in the CWL so that the CWL and the single line begin formed from a CWL, with one section in the case of
to discharge into the load. The impedance Z' of the Figure 5a and two sections in the case of Figure 5b.
single line section is chosen so that its matched The CWLs are in effect folded about their midpoints,
current V/2Z'is the same as that of the CWL, i.e., and the opposite ends of one conductor are connected

together, to give the sections through the radial line
Y/2Z' - NV/t4(N + 1)Z1  cavities as shown in Figure 5

or Z' - (M + I)Z'/2 It is now seen that CWLs with more than two
sections give a infinite series of possible designs
for inductive accelerator cavities, all of which are

The load resistance matches the sum of Z, and the new. The next two designs in the series are shown J
CWL output impedance, i.e., schematically in Figure 6. The voltage gain increases

through the series; a CWL of N sections gives a
R * (N + 1)2/22z matched gain M/2.
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GROUND

CHARGE V, SCHEMATIC 3Z

SITCH 
Z

~BEAM V01 a N3 6Z Z V

J PRECURSOR

PHYSICAL MATCHED -1 V0 Acceleriton ou.sel
CONFIGURATION VOLTAGE 2 o 3V,/2

WAVEFORM

a. Paclovsk. Design SCHEMATICS

MATCH ED
SCHEMATIC WAVEFORMS

3Z Z.N~

,SWITCH 6Z 3Z v

31 V o

PHYSICAL V.
CONFIGURATION MATCHED

VOLTAGE 2V,
WAVEFORM

b. Eccleshall-Temlprley Design

Figure 6. Induction accelerator circuits based on CWLs with
Figure 5. Induction accelerator circuits. N = 3, N =4.

In all such circuits the grounded cavity walls sections and a single line section placed between the
form a finite inductance connected across the switch and the accelerating gap. (Separation of the
accelerating gap. Therefore, if all the stored energy switch and gap may be desirable in a practical
is to be extracted by the beam the voltage waveform at accelerator.) The first one in the series is shown in
the end of the acelerating pulse must have a zero Figure 7. The matched gain is (N + 1)/2, and the
time-integral (1i; otherwise, magnetic flux would precursor voltage Is twice the charge voltage. Except
remain in the cavity, and this would represent unused in the first design of the series, the precursor is
energy. Hence the waveform at the accelerating gap is not steady but turns on and off periodically before
necessarily bipolar, with a reverse voltage the acceleration pulse.
"precursor' before the accelerating pulse. The
waveforms are illustrated in Figures 5 and 6.

In the Pavlovskii design the precursor voltage is
twice the matched accelerator voltage, and in the
Eccleshall design the two voltages are equal. In both
cases the precursor can cause difficulty for the 3Z Z

insulation in the accelerating gap and the nearby 2V,
vacuum interface. Since the precursor voltage is
always the charge voltage, the ratio of precursor
voltage to accelerating voltage becomes progressively •
smaller as the number of sections in the CWL or cavity
is increased, reducing the insulation problems. The
precursor voltage is 2/N times the matched voltage. 6z
The zero tiue ntegral of voltage Is maintained
because with more sections the precursor has a longer
duration - the time needed for the switch pulse to 2V,
traverse the CWL is clearly N/2 times the output pulse SCHEMATIC MATCHEOduration. WAVEF(IRM

A second series of new induction cavity designs Figure 7. Induction cavity formed from CWL and one additional

can be formed from CWLs of N a 3 or 7 or 11 ... ine (first of series).
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Variations

Lumped Element Circuits 7- APPROX.

Figure 8 shows a crude lumped element version of
the Darllngton network with an N - 4 CWL. Each line 6 - 3
section has been replaced by a single capacitor and z
inductor. This circuit bears the same relation to the a
ringing Marx or LC - inversion stage as the Darlington 5 -

networks do to the Blumlein. 2 7
<z

UJ 0

HV U >
TP 2. -
U IDEAL GAINs T c3 :T 'I

1.0 0.5 0
Figure B. Simplified Darlington network MINIMUM EFFICIENCY ALLOWED

It is not likely that the circuit can be 100% Figure 9. Gain of Oarlington networks as a function
efficient. In a brief empirical study, each capacitor of efficiency.
was given a value inversely proportional to the
corresponding line section impedance, and two out of efficiency is allowed to decrease. Also shown is a
the four Inductors were varied to maximise the gain. similar curve for the standard 8lumlein (N - 1) where
The highest gain obtained was 4.7, compared with an the gain can only be increased by mismatching.
ideal value of 5.0. About 88% of the initial stored
energy was available in the series combination of C4
and C'. Larger gains and efficiency may be possible References
by further optimisation.

1. 1. 0. Smith, Rev. Sci Instrum 50 (6), 714, June
Non-ideal Circuits 1979.

Higher voltage gains can be obtained from the 2. A. I. Pavlovskii, V. S. Bosaymkin, G. 0.
transmission line circuits by departing from the Kuleshov, A. I. Gerasimov. V. A. Tananakin, and
impedances that give perfect efficiency when matched. A. P. Klementev, Soy. Phys.-Ookl. 20, 441 (1975).
For small impedance changes the loss of efficiency is
small. This flexibility is greater the larger the 3. A. 1. Pavloskii et al, DAN SSSR, V. 250, No. 5,
numer of sections N. 1980, p. 1118.

Figure 9 il].strates this for the Darlington 4. D. Eccleshall and J. K. Temperley, J. App. Phys.
network with N - 3 (matched gain 2). The graph shows 49 (7) July 1978.
the highest gain obtainable by adjusting the
transmission line Impedances (strictly their ratios to 5. 1. 0. Smith, in "UltraRelativistic Electron Beam
the load impedance) as a function of how far the Sources for the ARA:, PIFR-1103, Oct. 1978.

226

- - --------



FAST, HIGH-POWERED TRIODE PULSE AMPLIFIERS

Stephen J. Davis
Pico Second Enterprises, Inc.

704 Whitney Street

San Leandro, CA 94577

Abstract and then drives two parallel FETs in
stage 3. After an impedance tranefor-

A line of commercially available, mation of 16:1 the 128 W peak power RF
linear Planar Triode Pulse Amplifiers will pulse from stage 3 is coupled into a
be described. These amplifiers feature repackaged power switching FET, stage 4.
output peak powers to 2 MW, repetition The drain of the stage 4 FET is directly
rates in excess of 100 kHZ, and 1 nano- connected to the cathode of stage 5's
second rise and fall times for a variable planar triode. Stage 5's 15 KW peak
duration pulse with a characteristic power output is impedance transformed
temporal stability on the order of 10 (9:1) to drive stage 6. As in stage 5,
picoseconds. stage six contains a single planar triode.

The 57 KW output from stage 6 is impedance
The performance of the pulse amplifier transformed (36:1) and is coupled into the

as an electro-optic crystal driver will be cathodes of three parallel planar triodes.
discussed with an emphasis given to its With 10 KV on the plates of the three
extended capabilities for optical pulse parallel final stage tubes, the amplifier
selection, ASE isolation, cavity dumping, will deliver 5 KV into 50 Ohms, or 0.5
pulse carving and travelling wave modula- MW peak power.
tion.

These pulse amplifiers use 1 NS incre-
In addition, applications of the pulsd ment ECL delay generators for pulse width

amplifier in the fields of IFF radar detect- control to permit the amplifier to function
ion and underground geological resource as a pulse generator, producing a variable
exploration will be presented. .uration pulse from an imput trigger.

Introduction Short term jitter and long term drift
are minimized due to the very short transit

For the past two years, we at PSE have times of the active gain elements in the
developed a product line of high peak power, amplifier. Throughput jitter is less than
fast rise and fall time pulse amplifiers 30 picoseconds.
based upon vacuum planar triodes. These
amplifiers are characterized by nanosecond Since amplifier lifetime is primarily
response times at 100:1 bandwidths and peak a function of the tube heater lifetime, the
power levels exceeding 0.5 megawatts. The heater voltage is regulated at 6.0 VDC in-
amplifiers are capable of'average power stead of 6.3 VDC. When failure of a tri-
levels greater than several kilowatts at ode tube occurs after more than 5,000 hours
burst mode frequencies exceeding tens of of operation, a new tube replaces the old
megahertz. Amplifier lifetime is primarily tube without circuit adjustment. In add-
a function of cathode heater lifetime, not ition, future amplifiers will be operated
shot number. at approximately 100 microamps of DC cath-

ode to plate current. This helps to clean
Amplifier Description and electron-polish the tubes.

These broadband amplifiers have an When required, further gain stages can
input to output gain greater than 70 db, be added as above to increase amplifier
and will produce 0.5 MW peak power pulses peak power, and upgrading amplifier plate
with nanosecond rise and fall times and supply will allow for greater average
less than 2% droop for 250 NS duration power output.
pulses. Amplifier average output power
is limited to 75 watts by its plate supply. The amplifier described above is con-

tained in a 14" tall chassis of standard
As fnown in Fig. 1, the amplifier width having a 22" depth and an 85 lb.

consists of seven stages of gain, of which weight.
the first four are solid state while the
latter three utilize planar triodes. Technology Comparison

The first stage consists of a pair of Other technologies having a similar
2 GHZ bipolar linear power transistors dv/dt and peak/average power capabilities
which provides 8 W of peak drive power to are:
stage two for 80 mifliwatts of input power, a) Spark gaps
After an impedance transformation of 4:1, b) Krytrons
this S W signal drives a single medium- c) Thyratrons
sized PET in stage 2 to develop 32 watts, d) Avalanche Transistors
peak. The outpu of stage two also passes Of these, only thyratrone have comparable
through a 4:1 impedance transformer and
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duty cycle and lifetime characteristics.
None of these technologies produces an
output with a spectral content as constant
as the triode amplifiers. In addition, all
of the above technologies are non-linear
switches requiring pulse shaping PFNs at
the output level. Since our triode ampli-
fier uses linear gain elements throughout,
pulse shaping is done at the input level.
Our triode amplifiers can produce readily
controllable pulse trains or pulse bursts
without pulse to pulse recovery time re-
quirements. Burst mode frequencies ex-
ceeding 100 MHZ are possible. For a com-
parison of these technologies see Fig. 2.

Applications

The intensity of an optical signal can
be modulated at high frequencies or for
nanosecond time frames using the Pockels
effect. By applying a voltage to a crystal
of proper material, the polarization of an
optical sitnal, often a laser, can be ro-
tated. This is the Pockels effect. An
optical gate is formed when a device using
Pockels effect (i.e. a Pockels cell) is
placed in a linearly polarized laser beam
between polarization sensitive devices.
One polarization is blocked while polar-
ized signals 90* rotated pass.

Today's Pockels cells exhibit multi-
megahertz upper end frequency responses
while requiring drive into the megawatt
peak power level.

Pockel cell applications generally
fall into these categories: a) pulse
selection, b) pulse carving, c) laser
amplifier control or isolation.

Pulse selection is often required when
a laser oscillator is used to produce "mode
locked" short duration pulses. In this
case a train of pulses are emitted from
which some are selected. (See Fig. 3,
which depicts a typical pulse selection
application.)

Pulse selection is also accomplished
using a Pockels cell. In this case a
portion of CW or long pulse laser light
is allowed to pass through the cell gate
for a pre-defined period at pre-defined
signal levels.

Instantaneous Frequency Agile Transmitters

Since there are no tuned circuits in
our triode amplifier, it can reproduce
any RF signal input over its operating
frequency range in real time. In class C
mode, pulse code modulation is also poss-
ible as well as single sideband communi-
cations.
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A LCW POWER MCDULATCR FOR A HIGH POWER PULSED E-BEAM

Rudolf Linpaecher , Rudolph Litte
Avco E crett Research Laboratory

Everett, Ma. 02149

Abstract

High power pulsed electric discharge lasers use Background
wide area E-beams to ionize the lasing medim. The
E-beam is gated with a pulse power system that must The early laser E-beam guns consist of a fila-
develcp pulses having currents of hundreds of amperes mnntry cathode and control grid enclosed in a Faraday
and up to 104 volts, shield. A screened aperature in the Faraday shield

The requirement for current density uniforraivi allows the electrons to exit into the high voltage ac-
excludes the techniques carmonly used in high poe. celerating field. The screening factor in this
vacuum tubes to reduce the amount of "grid" power. aperature is high enough to prevent any significant
This paper discusses a technique for modulating the penetration of the high voltage field. Because of
E-beam nith a pulser requiring a negligable amount of this the analysis of the E-beam system can be simpli-
power. This is accvplish with a non intercepting fied because the elements within the Faraday shield,
electrode that develops a negative field around the often called the gun, can be considered seperately
filamentry cathode to hold the E-beam gun in a cut off from the analysis which is concerned with the accelera-
state. Wen the voltage is removed fran the non inter- tion aspects of the E-bean.
cepting electrode a pcitive field from a second elec- The analysis of the gun can be handled in the
trode acts on the cathode to extract a space charge same manner as with a conventional vacuum tube triode.
limited current. Except for some snall capacitive There is however one constraint on the E-beam gun that
effects aid snaIl ion currents the non intercepting is not significant in a vacuum tube. That constraint
control electrode draws no current. is the need for uniformity in the electron density

The concept wee first reduced to practice in a over the entire bean area.
smal scale bell jar experiment. The concept was then In the early E-beam guns a planar control grid
scaled to a full size 250 kV E-bean operating up to located between the filament and the anode (Faraday
120 ppe in the AERL program. This method of E-beam aperature screen) seroes to control the electron bean
control proved to be successful in developing high current while a prescr:.bed potential on the anode de-
repetition rate E-beam pulses of high current using a termines the density of the space charge limited
io pomr pumse generator. urrent. For subsequent devices, as higher E-beam

The technique proved to flexible and capable of current densities were required, the control grid was
very square pulses or other shapes as required, trape- removed and the anode to filament spacing reduced tc
zoidal for example. take advantage of the distance squared effect to min-

imize the amplitude of the noduation voltage. Current
control of this type of gun is achieved by pulsing the

Back Plate Controlled Electron Beam Gun For Lasers potei tial of filamentary cathode with respect to the
introdtn anode. A positive bias potential, typically of the

order of 500 volts, overcctes the high voltage penetra-

The development of high powr electric CW and tion and work function energy of the electrons to maln-
pulsed electric lasers can be to a large part accredit- tai- the gpwn in a cutoff condition. In the conduction
ed to the existence of the vacuum tube technology. The mode negative pulse voltages in some cases as high as
use of this technology allowd the design and test of 15 kV applied to the filament prod!'ces current densities
an easily controlled triode type E-bean gun for the greater than one anpere pp- square centimeter out of the
first E-beam stabilized CO2 laer. Subsequent scaling gun.
of the E-beam to cros section areas of 25 an x 200 cm With the removal of the control qrid the gun
for the Big Bang and Hmeinger devices with E-beam resembles a thermionic diode and although this sim,-
e e up to l80keV proved to be relatively straight- plified the gun it was at the expense of a high por
forwzi. 1,2,3 For these and subsequent devices the pulser. High pulser powr is required because the n-
electrn gun ad the electron acceleration ware sep- tire E-beam current, including a significant fraction
arated by enclosing the E-ben gun and its control intercepted by the Faraday cage aperature screen is
electrodes in a Faraday cage, a screened aperture in suplied by the pulser. The peak pow can aount to
the later, serving as the anode of the gun. more than ten megmatts and at high repetition rates

Electr. exiting the gun through the screened leads to significant average powr. It was this poer
aperature enter a region of uniform electric field. demand that mortivated the develpment of a now type of
The field is of sufficient extent to impart enough E-beam control system that has a significant reduction
energy to the electrons so that they pass through a of cntrol power.
foil vaoum barrier into a cavity filled with the During the early periods of the vacuum tube do-
lasing medium and thdwe per_:on the ion.zing function. velopmnt Deforest (1906) invented the Plation tube
Pulse cotrol of these E-beem with comitional tech- which subsequently appeared an the gmmatrcn or gridless
niqus requtire msndlators having high peak power and wonder. These tubes consisted of a raw of filament
in the cae of high repetitian rates high average pa m wires between the grid and plate planes. Further ex-
A has bea d vli that can pulse modulate periMnttal work on this coet is ra;o1 by H. Cohn (4)
aig pow 3-beam with negligable energy. in 1924. The latter work includes the psrfommm of

various contoured control platss.
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To use the Plation !also called the back plate) When = d 2-3
control configuration for hich power pulsed lasers
.ith anode voltage in the range of five to ten kelo-
volts and filament emoss-ons to an ampere cm-

2 
theo- d2-3

retical as well as experimental work was required. V3 = (q 2 + q )+C
This effort was further complicated by the requirement
for a partially transparent asode as opposed to the
solid plate anode of i conventional tube. since V =

In a conventional :±0e spacial non uniformities C
in the electron current streaning to the anode are
normally not important. In a laser electron beam un-
iformity of the electron density is of critical im-
ortance. In order that these various factors could When d-

be experimentally verified a short section of a full1-
size gun with two filamentary cathodes was fabricated
and tested.

The Electrostatic Field Of The Back Plate Gun dl-2 q +

The potential within a plane configuration of
thz three electrcdes shown in figure 1 in a manner
developed by Spangenberg is given by:

Since r2  < a potential at r2 and r2 '

are almost equal so for ' = o and V = r2

t= 2 L- n 2 ( - cos )+C

The potentials for the three planes have been
established without regard to the function of each
electrode. In a conventional triode electrodes 1, 2
and 3 are cathode, grid and plate respectively. In the
back plate gun electrodes 1, 2 and 3 are back plate,

r filament and plate in that order.

The current from the E-bear, gun is given by:
U

q, q q 3  I = K (vb + ) 3/2
2 3

d1"2 IAt cutoff I = O and Vb= - V--
Z 2)-3 -- Where '. is the amplification factor which now

Figure 1. Electrostatic FieJa Coorainates can be determined

q2  4iu + u----= --w exp.- ab v

ql[ d2 3  (q2  q1) +2 in

411,, at0  (7 in
- Ine ep. - C 0
41 

O  a ___
dl1-2 q, + q n ( in w r2

This wprwsian shows that the equipotential -- q q2  a

lines newar the origin and near each electrode in the a 0a
center plew are circles. ftr large values, both j
positive and negative, of u th equipotentials are Cutoff also means that the Potential gradient at
planes parallel to electrodes I and 3. the filament and the chrge q2 are zero.
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The expression for Ui becaes very sinple; Figures 4 and 5 show the same tw cwditims in
d -3 the profile schem.

BACK
PLATE FILAMENT ANODE

In pracice this ratio is very wall and the 6
amplification factor typically is 2.

There are tw meas of illustrating the internal
fields of the gun. The first is a contour represent-
ation which can be plots of the equipotentiaL lines.
The seond is a potential profile representation 5
which can be either along a line from the back plate
to the anode through a filment and normal to the
ano, or a parallel line beteen the filatwnts.
Figures 2 and 3 show equipotential lines for cutoff
and conduction conditions. 4

EFFECTIVE ANOOE
+5

+kV 3
4

CUT OFF
2

0 CONDUCTION

FILAMENT P.ANE

POTENTIAL PROFILE
Figure 4. Potential Profile

5 "BACE
SACK PLATE PLATE FILAMENT ANODE

Figure 2. Fquipotential Lins

EFFECTIVE ANOOE 4

4
2

CONDUCTION
3 I -

CUTOFF
kV 0-

2 PLANE

-2

-3-

0.5 4

0 BC PL POTENTIAL PROFILE

Figure 3. equipotentW Lines Figure 5. Potential Profile
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Either representation show that when the gun is COTf 81LATZ

in the cutoff condition the filamrent is in a negative PIIA81II

field gradient strontg enough to overcome the work po-A
tential of the emitted electrons and keep them con-SR0 N

fined to a small volume around the filarent. 0-0VC "I z
Small Scale Experiment

*OKA
An experimeuntal E-beam gun was costructed to

test the back plate cancept and to predict the opera- ~i=4
ticnal parameters of a full size gun. The experi- -oi a F 4W 0

fuelnale u a iesoa iiirt to the prpoe 8~ -~f
flsclguinalrsetexetthe length thus cICP 4M
permttig te fll cal unt t bedesigned in

detail. T1he test setup provided the muans to deter-
mine the miagnitude of the control plate and filamntI
bias voltages, verify the integrity of the filament
mounting structure, test insulators for electrical
standoff, and establish the tube characteristics for
two types of back plate configurations. Figure 7. Electrical Control of E-Beamr Test

A photograph of the test setup is show in StU ceai
Fig. 6. Th significant dimensions are s1hwn in The second form of pulser was the R-C configura-
Table 1. tion shown in Fig. 8. A two uf capacitor was charged

to the maximim desired control voltage and discharged
through various resistors to obtain expoential decays
with time constants ranging f rom 2 to 200 . sec. In
this manner a single oscillogram mapped out the E-beam
current as a function of the back plate voltage for a
given combination of grid and solid anode potential~s.

BACK PLATE 7
2uF 9 I'IA, EN

A

0 -30V

4UP ZUF S p F u tOOK

- OOK 514 OOK
0-1511V

V PILStft RI VAACK
0-101(vPLT

a-iOKy A I EFFECTIVE
ANODE

Al ACCELERATING
L ANODE

Figure B
Experimrental Procedure

The flamsent temperature %us adjusted so that
Figure 6. Small Scale Experimnt space charge limi~ted operation existed. This was omt-

it~ exerienal nitwa asembedin a bell plished by increasing the filatent power slightly aLnve
he axperinwal pre s ssur 2x1- bld va the Paint wheret there was no further increase in E-beem

marnwhered a h runlevlo h ai pressure ofwasl0 brot current when the back plate was pulsed. Space charge
mainaind. he evelof t~ ~ -'~' limit operation is particularly important in E-besm

found to be crit~cal and only slightly affected th gun operation because electron beam unifobnity is then
control of plate current. dictated by the interelectrode tolerances and not by

temperature rxruriformities of the filaments.
Flpctrfc-AJ Cr . i t,. The cut off potential was determined by reducing

Two types of pulsers ware used to cotrol th the back plate bias voltage to the value wIhere a wall
back plate voltage. A 1:2 pulse transformer stepped s-beam current was emitted from the filama ts. Thie
up the pulse voltage to 4.4 kV with pulse durations up back plate bias voltage was then increased by 10% to
to S5iXsec. 1he capacitor C1 was charged sufficiently assure comlete cut off.
negative with respect to the filaiunts to assure con- The R-C type pulser was used to detennine the gun
plete E-bean current cut of f in tte absence of a au! -e control characteristics. Various fixed grid anode P
shown in Fig. 7. voltages ware applied end for each voltage the E-bs

current as a function of the control plate potential
was displae on the oscilloscope. A family of such
curves is shoan in Fig. 9.

234



= Vc.P.O 

Vrp -4 KV36 FLAT CONTROL PANEL

TWO FILAMENT IE-SEAM
32 -I0 A/DI'

2ICONTROL 
PLATE

50Oma/DIV
-24

z0
I . 5/4SEC /DIV
w~m 20 - o Vgrid 64KV

100 Figure 10. Pulsed Mode E-seam, Test
a 16 10,
w
cc EXPERIMMM SAC PLATE GMN PARAKETS

FflAMENT LENGM25a
A.-4

FILMN DIAMETER 0.0501

4 - NtJMB OF FILAKIITS 2

o BACK PLATE TO FTLA1 (g) 1 on0 -1 -2L -3 -4 .5 .4 -7 IAKDTSAMI .c

CONTROL PLATE BIAS (KV) f SPPEING (Sf) 2.5on

Figure 9. CcatroL Plate Bias FXLAKW TO ANODE GRD (d-g) 2cm

The data is displayed in a fonat most useful for ANOE GM DIME= da 0.032cm
f-beam gun Cntrol application and not in the tradi- ANODE SPACIG J 1.27cm
tional fon published for 1amcuum tubes. The typical a
tube parameters at an operational point of *A ANODE to ANOE Saa 2.8cm

VP -1.5kV and a a - 5kV are:

-([ g .. *Althoug the electrons exiting the gun ware not accel-
= =p-) Ifi I - rpg6- 1. 75 erated to high energy levels in the test set up the

field in the vicinity of the anode grid as consistentwith that in the full scalet unit.

9m,.(x 1 V ga 10.1 mmho FIJLL SCALE IMSLTS

_ avlcfpii)The data gathered in the small scale experiment
was used to Complete the design of a full scale gun.

ri -f 17 r The perfonance of the full size E-beae agreed with the{ 1f7r rpredications obtained in the bell Jar experimants. Theonly anmaly that was discovered was an instability
Som of the characteristic curves were repeated that occurred in a particular operating regime. In cn-

using only one of the t filamnts in order to pre- cept a full range of E-beam current could be obtained
dict the performnce of a large gun with cl to 100 by adjusting the magnitude of the pals applied to the
fi t in paralll. Te ollectd data indicate back plate. This vas confirnmed in the small scalethat the ia for a fl h in an array iit experiment with a potential field just outside of the5t ( r) the enfiu of a sinle filan yt. thi gun equivalent to the field in a full scale unit. Inr1oesult m thereission ofasinglefilalso. hi ag the large unit with the entire olerating voltageresult s y 191-I and is also in ag - present stable low current E-beems could not be oh-ment with data Coected from eting guns operated tained with a high gun anode voltage and low modulating
in a iots. pulse. M aever, ther was no limit to the range of

20 major incentive in dt of the back stable operations between maxim design value and zerplate contolled gun was to obtain a reduction of the if the gun anode voltage was varied. Zn any event the
otrol Pm requirnts. As can he now in Fig. 10 unstable region was concerned with E-ber current pulse
the cntrol plate currnt, presumably ion and secmd- levels much below the levels at 4dih the gun is nor-
azy electron mission, is orders of mgnitude lowr rally operated. It is reasonable to deduc that since
than 9-boam current. The small back plate curtent the instability is a voltage effect and not a field
-emits 3-basemntrol of even a full size gun with a effect the istability is bougt about by as, pne-

Spow modulator. trating into the gun and effecting the space region
around the filament.

In the full scale unit the modulating pulse as
obtained with a comocial hard tube pulse
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cenerator. There was no practical limit to
the pulse rate capability of the gun assuming of
course that the ower supplies for the high voltage
and gun anode had the required capacit. The hard
tube modulator was connected to the back plate
through a 1:5 step up pulse transforner and even with
the 25:1 impedance transfozation there were no load-
ing effects on the Q.ber. The high impedance char-
acteristic of the back plate was further confinred by
connecting a high resistance in series with the back
plate with no reduction in the output pulse amplitude.
Figure 11 is an oscillogram of a single shot of a
high current 40 -sec E-beam pulse. Figure 12 shows
25 pulses taken at a high repetition rate. Am-
plitude spread is due to the dynamics of the high
energy capacitor bank circuit and not because of a
gun characteristic.

Figure U.

Figure 12.

conclusion

A non-intercepting control electrode can pulse
fodulate a high powr E-beam at high repetition rates.
The control electrode has in effect a high ipedWance
and rquires little driving power.
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MULTIMEGAWATT MODULATOR DESIGNS FOR MINIMUM WEIGHT AND VOLUME

J. J. Moriarty
A. M. Herling

P. A. Corbiere*
G. K. Simcox**

Raytheon Company
Missile Systems Division

Bedford, Massachusetts 01730

Summary Introduction

This paper is based on the results of a design study
This paper describes the results of a study of sixty- of lightweight, low volume power conditioning subsystem

five point designs of thyratron-switched modulators in the range of 500 kW to 30 MW which bas been under-
covering the parameter ranges: taken as part of the Air Force exploratory development

Average Power: 0.5 to 30 MW program in high power airborne electrical power supply

Energy Per Pulse: 10 to 100 kJ technology. These designs are based on presently

Output Voltage: 20 kV available component technology such as solid state

Pulse Duration: 5 to 40usec switching devices, newly developed thyratrons and

Pulse Repetition Frequency: 50 to 500 Hz high energy density pulse capacitors.
Maximum Burst Duration: 2 min

Although these pulser subsystems are to be operated

For the majority of the point designs. several thyratron in the burst mode. active cooling concepts, rather than

modules were required, a feature which led easily to the purely adiabatic thermal management. have been incorpo-
concept of sequentially charging individual modules or rated whenever they would offer an advantage in mini-

groups of modules in order to smooth the load on the mizing weight or volume. A simplifying assumption has

prime power. Both active and adiabatic cooling tech- been made that the environment is equivalent to an

niques were employed in the assumed environment of altitude of 10.000 ft and an ambient temperature of 20 0 C.
10,000 ft. altitude and 20

0 C ambient temperature. Repre-
sentative state-of-the-art components used in the designs The designs which were prepared included all the
were HY-7 thyratrons and 60 3/lb pulse capacitors. elements of the well-known line-type modulator such as

Conceptual designs of sixteen charging chokes were the command charge switch, pulse-forming line (PFL).
prepared to cover the range of parameters described discharge thyratron and its accessories. Pulse trans-

above. tormers were not considered. For the maiority of the
point designs several PFL-thyratron modules were

Graphical and tabular results describing the modulator required. a feature which combined readily with the

weights and volumes are presented. Artist's concepts concept of sequentially charging individual modules or

which illustrate the minimum weight and minimum volume groups of modules in order to smooth the load on the

approaches are also included, prime power source. The system interfaces and the
basic circuit concept are further described in Figures

This work was sponsored by the Aero Propulsion I and 2.
Laboratory, Air Force Wright Aeronautical Laboratories. A total of 65 design points were evaluated for both
Wright-Patterson AFB. Ohio 45433. minimum weight and minimum volume resulting in 130

separate point designs. The parameter ranges used to
generate the various design points are listed in Table 1.

20 kVdc CHARGE CHARGING BLOCKING PFL DISCHARGE 20 kV PULSE

INPUT CR CHOKE DIODE (40 kV) THYRATRON TO MATCHED
LOAD

Figure I - Block Diagram

Present address, Consultant, 56 Bartlett St..
Beverly, MA 01915

Present address. Consultant, 199 Follen Rd..
Lexington. MA 02173
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CHARGING MODULE

COMMAND cc m b PULSE T.YRATRON TO OUTPUT
1MA .1 FORMING AND PULSECHARGE 1H 2 aZ FOS

SWITCH 2.. . NETWORK ACCESS'7RIES TRANSFORMER

TO
SEOUNTI~l. 0FROM OTHER

MODULES [ THYRATRONS

TRIGGERSGGE

- I I I TH- I RO

STAND BY ISOLATION HAE
POWER XM EEVI

Figure 2 - Line Type Modulator Concept with Sequential Charging

TABLE I

PARAMETER RANGES
HY,7 OPERATION

Average Power 0.5 to 30 MW .40 kV PEAK
g P-50 kA PEAK

Energy Per Pulse tO to 100 k$ -50A AVERAGE

Pulse Duration 5 to 40usec 10000 LIMITI00 : 80 osee LIMIT
PRF 50 to 500 pps LIMIT

Input Voltage 20 kVdc 51 usec LIMIT
-, 4 sC LIMIT

Output Voltage 20 kV pulsed 3- 30 M- c LIMIT
> 20 unc LIMIT

Critical Components Z __0__ 10 mIsC LIMITThe most influential components of the pulser design u SAFE OPERATING AREA 5 Lwere the switches, pulse capacitors and charging chokes MC LIMIT
Care was taken to stay within present device technology. C16
Output Switches :932.5 MISC

Because of the range of repetition rates considered it

was straightforward to choose thyratrons as the output
switches over - alternatives such as spark gaps. 1 10 25 100 2 4 1000
The EG&G H". S-40) tube was selected as repre- R RT 25 10el

sentative of tht ,-of-the-art in conventional thyra- REPETITION RATE (pine)

trons with a normal range of dildt.

In order to minimize weight and volume it was found Figure 3 - Maximum HY-7 Thyratron Capability
necessary to fully utilize the one-MW average power in PFN Module
capability of the HY-7. This factor is illustrated by
the nomograph in Figure 3. For a lO-usec pulse width, for example. these limi-

There are both peak and average power limitations on Peak Energy Per Pulse = (000 MW) (10 '.sec}=

the HY-7 thyratron. One purpose of the nomograph is 10 M

to simplify analysis such that maximum system capability 10 MW i

is achieved by using the switches at their maximum peak Repetition Rate I MW

and average power capabilities simultaneously. An (1000 MW (lOusec)

example which illustrates both the peak power (1000 MW) 100 pps Maximum

and average power (one MW) limitations is shown in the
following paragraph.
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:Nxe that the so-called safe operating area on the
nmograph is based on using the HY-7 thyratron at its 30MW AVERAGE

maximum peak and average power. That is. reduction ... 21 MW AVERAGE
of the peak pulse energy in the above example would,
from average power considerations, allow a PRF of 200 .- O 14 MW AVERAGE
pps. However, one can move along the limit line only in
the direction of reduced peak energy per pulse. 800- 4 7 MW AVERAGE

PULSERS WITH 4 SEQUENTIAL
The number of HY-7 thyratrons required for a given CHARGING MODULES

pulser design point may be determined by either peak
or average power limitations of the HY-7.
Pulse Capacitors

Pulse capacitors for use in burst mode PFLs have 21 MW

been demonstrated (1,2) to operate with significant5 , 6 600-

lifetime (10 to 16 shots) with energy storage densities 3
of up to 80 J/lb. Although these data would indicate a
lifetime of only a few hours at the repetition rates of Z
interest, a nominal value of 70 3/lb was chosen for the 30 MW
designs. The capacitor size was determined by sca,,ng 14 MW
a 60 J/Ib. 0. 84 .-.Fcapacitor of known dimensions. '3
Because of the effects of case margins the actual densi- t HVPS -20 kVdc ALL CASES
ties rangcd from 58 3/lb to 69 J/lb.

0 400
Charging Choke Designs

The charging choke designs selected were modified A
Brooks type air core inductors with an outer concentric 7 MW
core to confine and provide a return path for the mag- e
netic flux. <

Coil construction utilized a foil conductor and insulation
sandwich type of winding on a cylindrical coil tube.

Adiabatic charging choke operation for the two minute 200,
duty cycle was assumed, with conductor current density 200 300 50 700 1000 2000

selected for a temperature rise of 1.5 0
C/second or CHARGING CHOKE OPERATING FREQUENCY fHz)

180 0 C total temperature rise during operation. Core loss
was a minor factor.

Charging choke Q and therfore charging circuit Figure 4 - Charging Choke Characteristics
efficiency were dictated by minimum size and :.iinimum
weight constraints consistent with the adiabatic design Modularity And Configurations
described. Generally charging circuit losses were
calculated to be -. 21 percent at the seven megawatt In order to arrive at reasonable design matrices, account
average power level, decreasing to half that at the had to be taken of the general system requirements and
highest average power levels studied, the optimum use of critical components.

Figure 4 entitled "Charging Choke Characteristics" For the system, the basic considerations were for the
represents the total charging choke core and coil weight operating environment, the duty cycle and the interface
in a given pulser. All data represent choke designs requirements for the PFN circuits at the power supply
deployed into a four sequential charging module circuit and load with an environment of air at 200 C ambient at
configuration, with the operating frequency taken from 10,000 ft. altitude. It was decided to accept this as the
the actual module resonant frequency. The dependence general insulating medium for the minimum weight
of total charging choke weight on equivalent operating designs, after appropriate assignment of electrical
frequency is striking. This effect is not caused by stresses. Minimum volume designs would accept the
large changes in core weight as much as by increased weight penalties of a liquid medium.
charging choke energy storage in the coil air gap re-
quired by the higher peak energy pulsers, in order to The loading on the power supply was required to be
maintain the uniform high voltage power supply (HVPS) uniform during the PFN operation. implying a low ratio
current loading desired. of peak to average charging currents with consequent

high power factor (0.8 - 0.9). To satisfy this require-
Referring again to Figure 4 total pulser charging merit. the resonant charging of modules, or blocks of

choke minimum weight is achieved by utilizing the mini- modules in sequence was adopted - a technique caled
mum number (4) required for the sequential charging "Sequential Charging".
modules selected. The use of 4 x 2 matrix of eight
total chokes at 30 megawatts average power versus 4 x 3 Sequential Charging
matrix or 12 total chokes at 21 megawatts average power In its simplest form sequential charging may be
results in the apparent contradiction of higher total Implemented through the use of separate charging
charging choke weight required for the 21 megawatt circuits (modules) Including a dedicated PFL and dis-
case. The actual number of charging chokes selected charge thyratron equal to the number of sequential
for a given pulser was dictated by the pulse forming charging sections desired.
network and thyratron module requirements. Since all PFL's are discharged simultaneoulsy into a

common load, the staggered command charge for each
sequential section is timed from the PPC output pulse
and may include a dead time to allow for thyratron
recovery before any resonant charging is Initiated.
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Figure 5 graphically shows three module sequential
charging currents (dotted lines) combined to represent
the actual high voltage power supply current waveform
(solid line). The hatched lire shows a single charging 1.6

module 'and HVPS) current as in a conventional line type
modulator design with a command charge feature.

In the cz me snown, the i equential charging waveforms
a, ohased 120 degrees apart for -/n sequential module 1.4-
chaRging time. Sequential charging frequency is n/2- .
where r is defined as the allotted charging period, rather
than the interpulse period. Electrical degrees are liven
in terms of the sequential charging frequency.

A symmetrical HVPS current waveform top is derived 1.2-

from phasing the intersection of the sequential charging
currents at 30 degrees and in the three sequential
charging module case results in 13.4 percent peak-to-
peak top ripple. The peak charging current in this 1.0
example is 77.7 percent of that obtained in the single
charging module case.

1.0-
HVPS CURRENT

- -- SINGLE MODULE
SEQUENTIAL CHARGING -

MODULE CURRENT
- HVPS CURRENT .

(SEQUENTIAL CHARGINGI
uJ

-1.50-1 Z2
1.S 0.8- T I I I

/0 2 4 6
Z SEQUENTIAL CHARGING MODULES PER PULSER
4/ \ \

0.75-1 Figure 6 - Sequential Charging Current

Characteristics

Combinations of Modules

It was apparent that PFL modularity was advantageous
U ,for the charging system and could also provide design
< /alternatives at the output pulse transformer and load.

The following illustrates the configurations adopted. The
. 0 60

° 120 100 2400 3000 3600 4200 48 elementary module is that of an HY7 switch which is

CHARGING PERIOD - fully exploited at its average power rating of I MW. The
HOLD configurations for this are shown in Figure 7 for aINTERPULSE PERIOD TIME number of pulse durations. 5. 10, 20 - 40 -isec. Since

the pulse risetime specifications were not difficult to
achieve, the PFL modularity was. in the main. determined
by the limitation of peak current imposed on the PFL

Figure 5 - Charging Current Waveforms capacitor unit. 10 k A.

Power Supply Loading

High voltage power supply (HVPS) or prime power I,
current loading is shown In Figure 6 entitled "Sequential 5 r4Ij
Charging Current Characteristics" in which the pulser Msc

is charged continuously as shown in Figure 5. I.e..
without recovery and hold times. The curves shown
connect the realizable discrete points obtainable. Power
factor in this case Is presumed to be I /Iaverage peak 10___________o____________
which is the inverse of the upper Ipeak 1laverag e curve. JA WSAEET-€-

Should continuous HVPS and prime power loading be
desired. the simplest approach ia to use an additional
sequential charging circuit module which is not fired
simultaneously with the other modules. Thus the oper- 20-40 I w
ating duty for each module becomes (n-I/n) times the
pulser duty where n Is the total number of sequential
modules employed.

Figure 7 - Typical PFN Configurations
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From the matrix of design parameters, standard PFL THYRATRONS

parameters were defined to aid the formation of module
types. This is illustrated in Table 2.

TABLE 2f

PFL CLASSIFICATION STRIP

LINE
PFL Capacitor Number of Energy Stored Capacitor 28 1/2 in

Type Value-4F Capacitors in PFL-kJ Density J 1b1

a 0.25 12 ' .4 58.5

b 0.31 12 3.13 62
S 0.4 12 4.3Z 66

d 1.50 12 4.80 67

e 0.66 12 6.25 69 '

CLIPPERS&
Taking into account the range of average powers to be CHARGING

accommodated and the divisions of the systems necessary CIRCUIT
to apply sequential charging, a basic module containing
two HY7 circuits rated for 1.75 MW average power was Figure 8 - Basic Module: Two Thyratrons
chosen. The mechanical configuration for this module with Charging Circuit
is shown in Figure 8. This design ensures a low level of
external fields due to the control of the discharge current An accumulation of these modules to meet a 7 MW
paths. Provision is made for low impedance intercon- design is shown in schematic form in Figure 9 with the
nections to other modules of the system and the module physical layout for a minimum weight concept in Figure 10.
is self-contained with a compact arrangement of clipper
and charging components.

33311 0.016jiF 30 KQ 0.lMFlow low 2kV

SCR T700- 35 DIODE R600-20 2.1/£.1

2.1 AM 12 SECIONS

2Okdc 0k U'30Wi0.002 AF. 0.33 12 SETIONS R500 .3330 v rA 7......;.. -----
20 kVdc

DIODE IX40 RUoo.is X40

1500

, lO( RS00-15

15 1.251) 1.251, I 1.25( 1.2511

TYP 891iSP 0.'IF TYPE 8918P 0' " pF
CARBORUNDUM 2 [M 2kV

20 MO 147fHY -20M!!

SYSTEM 
A-2 20 2

TRgure ISOLATION c 20 MI2 20 MilAXLAYTRANSFORMER 20 W 20W
POWER (SHIELDED)

TRIGGER

THYRATRON
"HEATER AND

RESER1VOIR

SUIIYSTE 7 tW ,2S k, 20 .2O P

Fiur -PN ShemaYSTEMo 7 Mf, 25 kJ, 20 pot sec0 H
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This concept was used for extensions of average power
to 30 MW with suitable modular divisions for the
sequential chariting. An artist concept of a 30 %1W
minimum volume design is shown in Figure I1.

Certain of the designs of the matrices could not be
achieved with full exploitation of the HY- 7 thyratrons.
in the.se cases, penalties in size and weight were apparent.
Examples of these occurred for two 14 MW designs at 8 n
100 kcJ, 140 Jz, Stisec and 50 kJT, 280 Hz. Susec re- 9 n
spectively. In these cases, size and weight improvements " SrTIP ~ -- K -

could be made by future thyratroik developments or by
the choice of another switch type, such as a spark gap.

14) PFN MODULES
WITH CHARGING

Figure 10 - PFN Minimum Weight Concept for
7 MW, 25 k3. 20,usec. 280 Hz

TWO THYRATRON

TANK COVER28i.F0 LE

22 in.

SUBASSEMBLIES

In.

CHARGING

PFN SUBASSEMBLY

Figure 11 -PFN Minimum Volume Concept for 30 MW. 75 kJ. 5 usec, 400 Hz
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Mechanical Design Consideration Results

The designs addressed the environment described The results of this design study are summarized in
earlier with particular guidelines depending on whether Table 4 and in the graphical presentations of Figures
weight or volume was to be minimized. Minimum weight 12 through 18. The 500 kW design points were special
designs were air-insulated with the base at ground po- cases which were not compatible with the sequential
tential and the remaining surfaces containing exposed charging concept and did not fully utilize the HY-7
high voltage. Minimum volume designs, however, were capabilities. Consequently these design points are not
oil-immersed and were therefore totally enclosed in a included in the graphical algorithms.
grounded metal container. Figure 12 shows that the density remains fairly constant

Component packaging utilized voltage grading tech- over the range of interest. Figures 13 through I8 show
niques and current cancelling configurations to reduce the dependence of weight on pulse energy for various
EMI. Since the PFL capacitors were enclosed in insulating pulse durations and average power levels. The volume
material, the internal construction and pad configuration dependence can be calculated directly from these curves
was taken into account to achieve compact packaging. and the density. Within the range of accuracy of the

results the algorithms indicate an approximately linearCooling techniques included natural and forced con- dpnec fwih n oueo nry

vection as well as water where necessary. Adiabatic dependence of weight and volume on energy.

absorption of heat during a burst was assumed to occur Pulse capacitor energy density and thyratron peak
both in certain components and in the insulating oil. No power capabilities have a strong influence on the size and
circulating oil cooling was utilized in these designs. A weight of pulse power conditioning systems. Of par-
summary of the cooling techniques used for various pulser ticular concern is the peak power limit of the HY-7 which
components is given in Table 3. results in a much larger number of thyratrons for short

In the minimum weight designs all the blocking diodes pulse systems having the same average power require-ments as associated long pulse systems. This limitationare air cooled except for the 30 MW design points 61 could be ameliorated substantially by the development
through 65. Similarly, all the command charge SCR of such thyratrons as the HY-7160 with five-fold
stacks are air-cooled except for design points 41 through increased peak power capability. In addition, the
65. development of so-called "quick-start" or "cold-cathode"

TABLE 3 thyratrons would eliminate the requirement for auxiliary
power and filament transformers weighing about 30 lb

PFN COMPONENT COOLING each.

References
Cooling Technique

Component , n. Weight Min. Volume (1) "Capacitors for Aircraft High Power", Final
Thyratrons Air Oil Report on Contract F33615-75-C-2021. by Hughes
Pulse Capacitors Adiabatic Adiabatic Aircraft Co., Culver City. CA (January 1980).
PFt. Coils Water Oil
Clipper Diodes Air Oil (2) "High-Energy Density Pulse-Forming Network
Clipper Resistors Water Water and Continued Capacitor Testing", Final Report
Btocking Diodes Air 1Water Oil on Contract DAAK40-77-C-0118, by Maxwell
Command SCRs Air/Waler Oil
Snubber Network Air Oil Laboratories, Inc. San Diego, CA (April 1980).
Charging Choke Adiabatic Adiabatic (3) From Reference 2, p. 8
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TABLE 4

PULSER DESIGN RESULTS

600.
(Wet I

Avg. 1 a". FILM " t. t MIN WEIGHT DESIGNS
DAp4 18g 6 i m 7 rate width NIR. Wt. IK. VOi* NjR. 0. NjJM E VO. RWS.
so. (11n (1j/p) (a.) IL (ft (L1K .I il (;.,

1 0,5 10 so50 39.2 30.9 $57 1600 $1 7

2 0.$: 10 so 10 30.3 23.9 710 1430 90.6 -- 400
3 0.5 10 50 20 30.3 23.9 726 1440 90.6 -
4 0.5 10 50 30 31.5 24.9 476 1410 90.8
5 0.0 10 s0 4G 32.8 25.8 62 1460 90.6

6 7 2S 280 5 129 49.2 2770 S770 94.J
7 25 20 1o 129 $9.2 2850 Soso 94.6

9 7 25 260 20 129 99.2 2700 3690 94 7
9 7 25 200 30 135 92.8 2780 5910 94.7 200
0 7 25 20 40 140 96.4 2050 6130 94.7

11 7 so 140 3 194 122 4100 8220 93.8
12 7 50 140 10 10 113 2860 760 94.5
13 7 s0 140 20 LO 113 3670 7490 94.4
14 7 50 140 30 163 102 3390 6780 94.6
13 7 S0 140 40 170 106 3450 0990 94.6 0 0--2,

14 7 ? 93.3 5 291 182 S9s0 12450 S3.6 460 8000 ' o O ,oooo
17 7 75 93.3 10 221 139 4660 9390 93.2 WEIGHT (Ib)
i8 7 75 93.3 20 204 129 4480 89o 93.0
19 7 70 93.3 30 2.4 134 4420 9320 92.6
20 7 75 93.3 40 222 139 4770 9660 93.4

21 7 100 70 S 415 20 7520 1720 9.4 Figure 12 - Volume versus Weight for 7 MW to 30 MW22 ? too 70 10 295 ISO 6030 12680 93.2

23 7 104 70 20 290 187 5970 12680 93.4 Average Power Pulse Generators
24 7 100 70 30 240 154 3250 10720 93.4
25 7 100 70 40 249 160 5200 108o0 93.4

26 14 50 280 S 277 175 3540 11700 94.3
27 14 30 280 10 277 170 5700 11860 94.7
2 14 50 20 20 277 17 5300 11540 94.6 10
29 14 50 260a 20 268 183 9520 11990 94.6
30 14 s0 280 40 299 189 3740 12420 94.6

31 14 7S 18.6 S 300.72 193 6490 13400 94.1la 14 75 Is:.& IV 294.94 1"1 6200 12940 i$4.7 75 3 MW
33 14 75 184.6 20 294.94 1O Soo 12720 94.6 (A
34 14 75 1 .6 3 307 19? 4230 22340 94.8
33 14 7S 18:.6 40 319 205 6270 13370 94.8

0.
34 14 100 140 0 415 287 9040 17610 94.0 M 50 Z1 MW
37 14 100 140 10 384 254 7740 17030 94.7 0I 14 MW
38 14 1.00 140 20 384 a34 7440 16730 94.8>

14 10 140 40 329 210 4770 14240 94.6
43 14 100 140 40 327 210 6700 14270 94.6
41 21 50 420 S 324 247 7230 19100 94.7 c
42 21 30 420 10 364 247 73" 1S9 95.1 2 5 MIN WEIGHT
43 21 So 420 20 364 247 989o 15450 95.1 W
44 21 s0 420 30 39 237 7190 14420 9.1
45 21 0 420 40 410 247 7000 17100 90.2

48 21 79 280 5 388 251 77"0 I6770 94.2 2000 4000 10,0W
47 21 73 20 10 346 211 9030 17010 94.6
4 21 75 2o 20 3 6 201 75"0 1430 94.7 WEIGHT (IbI
49 1 75 20 30 404 262 7760 17180 94.7
0 21 73 240 40 420 271 0o9 17020 94.7 Figure 13 - Energy versus Weight for 5 usec

51 1 1o 210 : 415 247 6160 1779 94.2 Minimum Weight Designs
12 21 100 210 1o 415 267 1TO 17784 94.0
03 21 100 210 20 415 247 7640 17440 94.8
54 21 100 310 30 432 278 6070 18084 94.9
3S 21 10 210 40 449 284 830 18710 I4.0 100

54 30 ?S 40o 9 312 .09 9310 71290 94.3
97 20 7S 400 18 .12 329 9530 214" 94.6 "9
" 30 75 40 20 312 329 "O 20930 96.7
so 30 79 400 30 532 343 9440 21640 94.7 75./30
of SO 78 40 40 $53 34 9070 22740 94.7

1 N0 100 300 5 %1o 331 9920 2160 94.6
42 10 0 300 10 S 331 10240 2210 95.0, 14MI 2
43 0 100 300 N 51s 331 0010 21S0 95.1 W 50
64 N 0 6 O n 0 s39 344 9940 32400 95.1 06
88 A8 I0 3 44 5 047 " Ls0210 2J240 9M.1

7 MWwU 25.
z
LU

10,unt (MIN WEIGHT)

01
WEIGHT (Ib)

Figure 14 - Energy versus Weight for 10 usec

Minimum Weight Designs
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100 100.

MW 3o MW/

CL 14MW[ 21 MW Mcc 1. MW /211 MW
50. u504

7 MW 7MW
LIJ25- 5

20-.40psec (MIN WEIGHT) wu 10 Asft (MIN VOLUME)

4060 ' 80 "' 860 ' 10.00 400 00 ' 8 2.00 0 16.6 "o VOLUM

WEIGHT 11b) WEIGHT (1b)

Figure 15 - Energy versus Weight for 20 usec 
40 ;sec Minimum Weight Designs Figure 17 - Energy versus Weight for 10 ,sec

Minimum Volume Designs

30 MW/ 101 130MW

i 75 -

cc 7MW/e 14 MW 21 MW a. 14 MW 21 MW
wj w0 socc 21 7W Z.

.. 25- "j25-
z zC,5/sl (MIN VOLUME) 7MW

20-40 wsec (MIN VOLUMEI

0 600 12.000 16,00 20,600 4000 8000 12,000 16.0 20.000
WEIGHT (Ib) WEIGHT 0b)

Figure 16 - Energy versus Weight for 5 asec Figure 18 - Energy versus Weight for 20 .sec -
Minimum Volume Designs 40 .sec Minimum Volume Designs
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PULSE POWER CIRCUIT DIAGNOSTICS FOR THE NOVA LASER*

D. J. Christie, G. E. Dallum
D. G. Gritton, B. T. Merritt, K. Whitham
Lawrence Livermore National Laboratory

P.O. Box 5508, L-464
Livermore, CA 94550

L. W. Berkbigler
Los Alamos National Laboratory

Los Alamos, NM 87544

Summary Pulse Power System

The Nova laser will have a large pulse power sys- The pulse power system is composed of about 1,600
tem for driving laser amplifiers, incorporating circuits, several high voltage power supplies, igni-
approximately 1,600 flashlamp circuits. An automated tron switches and necessary control electronics and
system has been designed for diagnosing the condition computer interfaces.
of these flashlamp circuits. It records digitized
circuit current waveforms and Detects current excur- During normal operation, a capacitor is charged
sions above a given threshold. In addition, it is through a resistor by the high voltage power supply.
able to fire flashlamps at a low energy to ascertain The top supply in Figure 1 would be selected by the
the health of the system. high voltage fanout in this case. At shot time, the

capacitor is discharged into the flashlamps in the
Data from this sytem can be plotted for inspec- laser amplifier through an inductor. In a system of

tion by the operator, analyzed by the computer system this size occasional failures are inevitable. These
and archived for future reference. include a lamp that does not fire, a lamp which

I lIgitronswit- - r .........--

Hig
vol~g

voltag AotaeOaL

suppl

Laser
Vs arplifier

Lamp circuit
current

This~~~~Pus worer wageromeondrteuupienodh

r--------Low taagy teat lystem - round current ,, curret

U vSltearten Fife Energy bym theui LawrncLivemor

Pow L trabortor (LCO) iCcterface
supply 1In analoe input channel

NOVABUS - dual seial fiber optic but

PULSE POWER SYSTEM CONFIGURATION

FIGURE I

"Ths wrkw- s-performed tinder the auspices of the
U.S. Department of Energy by the Lawrence Livermore
National Laboratory under Contract No. W-7405-ENG-48. :
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breaks while firing, an arc from the flashlamps or detect excursions over a given threshold. There is a

their leads to the reflector, or an arc from the high and low threshold programmable through soft-

pulse power system to building ground. Because of ware. Latches are set when the inputs exceed the

the many failure modes, the pulse power circuitry has threshold and remain set until reset by the computer

been instrumented to detect these kinds of failures. interface. The latch data is read directly as dis-

The current from building ground to the ignitron crete inputs to a computer interface.

switch commons, the current from the amplifier
reflectors to the switch commons, and the current in The analog data is also amplified by the analog

the return leg of the pulse power circuits are all signal conditioning circuitry. Then the analog chan-

monitored with current transformers. nels are sequentially sampled by the A/D and multi-
plexer. The sampling process is initiated by either

The current transformers are physically located the fiber optic trigger or a software generated out-

in the switch assembly. Data from the current trans- put from the computer interface. This data is

formers is recorded by the Lamp Circuit Diagnostics recorded in a local memory for a period of approxi-

(LCD) interface. The LCD interface also has analog mately four milliseconds. This data is then trans-

latches for determining whether the current exceeded ferred to the central computer system through the

a given level, computer interface.

In addition to the normal firing circuitry, pro-
vision has been made for testing the pulse power sys- The LCD interface is composed of two identical 64

tem by firing the flashlamps at a very low energy. channel sections, providing a total of 128 input

The bottom power supply in Figure 1 is used for this channels. The number of channels each of these sec-

puroose. It charges a capacitor through a resistor. tions samples is software programmable. The choices

This capacitor is connected to the pulse power cir- are 1, 8, 16, . . . 56, 64 channels. The A/D always

cuitry through the high voltage fanout (Figure 1) and samples at a I Mhz rate, so as more channels are

the top power supply is disconnected. The switch selected, the slower the sample rate will be. For

fires, sending a pulse of approximately the same example, if one channel is sampled the rate is 1 Mhz,

initial voltage but much lower energy to the laser for 8 channels the rate is 125 Khz, and for 64 chan-

amplifiers through the pulse power circuitry. Again, nels the rate is about 15.6 Khz. The fastest natural

the current waveforms are monitored by the LCD inter- frequency for our pulsed power circuits is on the

face to detect faults. This allows detection of order of 2 Khz so even the slowest sampling rate is

ground faults, pulse power circuit failures, and sufficient to diagnose them.

broken or bad flashlamps before firing them at full
energy. Firing into a bad flashlamp at full energy
can result in a profoundly damaged laser amplifier, Self diagnostic capability is provided by a cur-
so testing flashlamps at low energy saves money and rent pulse generator which sends a current pulse

time by preventing unnecessary damage. through all of the current transformers under com-
puter control as shown in Figure 3. This is used to

LM~ Circuit Diagnostic Interface check the latches on low threshold and to check the
data sampling and recording circuitry. It provides a

The LCD interface configuration is shown in pulse of amplitude and duration similar to the low

Figure 2. Analog data is received from the current energy flashlamp circuit current pulse generated in

transformers and filtered. It is then processed in the preshot testing of the pulse power circuitry and

two ways. First, it is fed into analog latches which flashlamp.

c Anemu nal ApuD S

Noeb- dua sasla fi otc "u
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LCD INTERFACE CONF!SUtATON

Figure 2
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at the operator console for human inspection or ana-

Simuatorlyzed by the computer. The lamp circuit current
cur"Int waveforms have a distinct characteristic shape, ia

allowing an operator to easily recognize many typia
pul" problems with the pulse power system. The waveform

analysis routine will determine whether the data is
in limits or if it has changed since the last time it
was sampled. The waveform data will also be placed

elf-^in a file which can be archived if desired.

transforrmilm The latch data is used for a cursory inspection
of the pulse power system. By reading the latches it
can be determined whether the lamp circuits fired and

LCD intwfewwhether there was significant current in the reflec-
tor ground or pulse power ground connection from the
ignitron switch to earth ground. Waveform data will
provide more detailed information if a problem is
detected.

LCO curr.anit
pubs sirmulator I . 980 ase Program Annual Report, LLNL, Nova

_________________Power Conditioning.

2. 1981 Laser Program Annual Report, LLNL, Nova
CURRENT PULSE SIMULATOR FOR SELF DIAGNOSTICS Power Conditioning.

Figure 3

The filtering and clamping circuitry is shown in
Figure 4. Its major function is to protect the LCD
interface from damage due to noise. This is impor-
tant because the LCD interfaces are mounted in racks
nexut to the ignitron switches, some of which switch ll%1F
currents on the order of 100 kA. The series resis-
tors provide current limiting and the steering diodes440. fNb.M '
direct the current limited noise to ground through a it' %1s~l,.1 ,we -hsbl,,sw~..tm~wb

coupling capacitor. Our testing has shown this .11I 14 ( eif.0,111 - s. b..( .

arrangement to be effective in preventing damage to imomh..W."_ ",..talnlim",.p.sc.w
the LCD interface. -rmss ilOrd. 'sps. b., -v. o..l .,.e inse plan..i~ po,.m

risthm. Refrocw, berf ,, wn cnho.ow- u~fs . "o ,.sOw

Data Process ing 0001- . sdoo..,,. ro.qdue.-fsiam h.cs I m,
-461 l,,-w.s im lb i mowofto. S 11,. bis h, Oi*ioo

Data is read back from the LCD interface to the t-O10I'0 111-'11 f(4AW.re--M

central computer system. Here data will be handled t,( AAl t *Wf.W"~wPWO
in several ways. Current waveforms can be displayed 61"I l-
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Figure 4
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MAGNETRON FILAMENT CONTROL
by

PAUL NOCELLA
SPERRY CORPORATION

SPERRY DIVISION (GYROSCOPE)
MARCUS AVENUE AT LAKEVILLE ROAD

GREAT NECK, NEW YORK 11020

&amwn requires accurate filament control. The degree of
accuracy required depends on cathode material and

This paper describes the analysis and design of design.
a DC power supply that automatically provides the
correct filament voltage for any operating beam The task of providing a curve of filament voltage
current in a magnetron. Accurate filament control is versus beam power belongs to the tube manufacturer. 2

necessary since this determines the cathode operating The heater schedule should also indicate the output
temperature, and ultimately the cathode life of the load conditions on the magnetron since the character-
tube. istics of the load affect tube performance. Magnetron

beam power depends mainly on beam current since
Methods are described for filament modeling, its V-I curve is similar to a biased diode. Thus, it is

bifflar resistance compensation, average beam cur- convenient to present the heater schedule in the form
rent sensing, feedback control, and tube/power supply of filament voltage versus average beam current.
protection circuits. The tube manufacturer obtains this curve by adjusting

the filament voltage to achieve a specified cathode
Three power supplies were built and tested. Two temperature (measured by an optical pyrometer) at a

are in constant use at transmitter test fixtures for selected average beam current. A typical heater
acceptance testing of incoming magnetrons. The schedule for the magnetron used in our system is
third is used in our transmitter laboratory. shown in Figure 1. The solid line represents nominal

Int.uducion
Control of cathode temperature is achieved by a 2

DC power supply that monitors average beam cur-
rent and produces a filament voltage in accordance t LN
with a prescribed heater schedule. This schedule I L
will result in optimum cathode life. .

The need for maintaining accurate cathode \ \
temperature in a magnetron will now be reviewed. "

Note that the following applies generally to all
cross -field devices.

In stand-by operation the heater must bring the I_ _

cathode temperature above a minimum value that will ' Ig .
insure a space-charge limited region that can allow II AVERAGE 1 URGENT I*AI

magnetron oscillation without arcing and possible Figure 1. Magnetron Heater Schedule
cathode damage when high voltage Is applied.1 This values, and the dashed lines represent upper and
stand-by temperature must at the same time be kept lower tolerance limits of + or - 0. 75 volts. There
below the value that would cause excessive evapo- are two regions in this curve. The first Is a plateau
ration of oxide material from the cathode during long section that keeps filament voltage constant at 12.0
hours of stand-by operation, volts from 0 to 2. 96 mA of beam current. The second

When the magnetron is oscillating the cathode is a straight line segment with a slope of -0.3377
receives additional power that is from 2 to 10 percent volts per iA and an intercept of 13.0 volts. This
of the average beam power due to back-bombardment. curve is described in equation form as:

Since back-bombardment power and heater power are VF = voltage at filament terminals
thermally equivalent the overall effect is to increase IB = average beam current
cathode temperature and cause increased oxide
evaporation. The only control available that will VF = 12. 0 volts *0. 75V 0 , IB . 2.96 mA (I)
restore the cathode to its proper temperature is to 13
lower heater power in proportion to the increase in VF = 13 - 38.5 IB 2.96 < IB  27. 5 mA (2)
average beam power. Normal magnetron operation
requires that the cathode furnish a space-charge Compliance with the heater schedule must be at
limited current density. If the temperature is reduced the magnstron filament terminals. Thus, verification
too far, the space-charge region will be depleted, requires floating a DC voltmeter since the filament is
This results in a higher incidence of mode-skipping, at a pulsed cathode voltage level of 20 to 25 KV. A
poor spectrum, arcing and possible cathode damage. floating measurement is necessary only during the
Therefore, optimum tube life and performance design and validation phase.
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Regulation, control and measurement of filament An apparent solution to 1, 2 and 3 is to include
voltage is greatly simplified by choosing DC. Circuit the bifilar resistance inside a negative feedback loop.
implementation is straightforward and field mainte- Feedback sensing would be at VF, resulting in a
nance is simple. The sections that follow describe highly stable filament voltage regardless of RB or
the analysis and design of a DC supply that produces changes In filament V-1 characteristics. However,
a filament voltage in accordance with Figure 1. direct feedback from VF must provide 40 to 50 KV of

isolation, remove the pulse voltage, and pass the DC
Design Considemions filament voltage. Thus, direct feedback would be

difficult to implement.
The following areas were addressed in the

design of this supply: An alternate solution is to:

* Filament V-1 modeling 1. Mimic the characteristics of the bifilar wind-

* Bifilar resistance compensation ing and filament V-I curve. (i.e., set up a scaled
circuit with a one-to-one correspondence between

G Feedback control circuit elements and bifilar winding and filament

* Beam current sensing model.)

G Tube/supply protection 2. Take feedback from the mimic circuit with

G Compliance with heater schedule the power supply feeding both mimic circuit andbifilar/filament in parallel.
O Compatability with existing pulse tank package.

Power supply requirements that were met:

G Maintain filament voltage throughout a + or -

18% AC line input variation

* Provide accurate meter output indication
of average beam current

INFILAR
* Provide a single field adjustment control to ON, qFItAR

compensate for bifilar resistance and min/ NIGUEL IN

max filament tolerance" Maintain low AC ripple output ",

" Provide filament voltage verification test points. INA.Jr"oN ,ANMON

PULSE TRANSFORMER

_______________________ Figure 3. MIMIC Model

VP1 VF

POWER SUPPLY FILAMENT
VOLTAGE VOLTAGE

Figure 2. Filament Supply Refer to Figure 3. If scaling and modeling are
done correctly, the voltage VF at the filament will
match VF(M), the voltage at the filament mimic model.

Figure 2 shows the normal method of supplying filament The overwhelming advantage of this configuration is
voltage while simultaneously applying a cathode pulse that no high voltage isolation is required, circuit
of 20 to 25 KV through bifilr windings of a pulse simplicity is maintained, and all signals are directly
transformer. This makes the task of complying with referenced to ground.
a heater schedule at the filament terminals difficult
because of: Figure 4 is the functional block diagram of a

complete filament power supply. The paragraphs that
1. The bifilar winding resistance (RB, 1. 0 to follow will describe the modeling, analysis and

1. 1 ohms cold, in our case) produces a considerable practical implementation of the design.
voltage drop.

Filament Modeling
2. The bifilar resistance increases due to the

temperature rise of the pulse transformer during Eight magnetrons were used in the measurement
pulsed operation. (Up to 1.5 ohms in our case.) of filament V-I characteristics. Data was taken with

the magnetron beam power on and off over the liia-
3. The filament V-1 curve in the region of oper- ment range of 3 to 12 volts (standby). The beam on

ation cannot be interpreted as a single resistor. condition was done by operating at a selected beam
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TI R7 no 01 Re1 C1  Rio R1lE

CRUT CIRlCUIT

MODEL NODEL

* VOLTASE IMR I

,-------------- ---

-RA

14-

Figure 4. Power Supply Fuznctional Diagram

current, measuring and adjusting for the correct Figure 8 shows the equivalent filament model.
filament voltage (VF per Fig. 1) and recording lila- The equivalent circuit representing the "beam on" :
ment current, TF. The average is plotted in Figure 5. condition is used with the bifilar resistance model to

make up the mimic circuit.

R---- .UOHM

V - -VOLTS

Vp (VOLTSlFigure 5. Filament V-S Curve Figure 6. Filament Model

Three key items are immediately apparent. Bifigar Resistance Modeling

1. Back-bombardment power also affects the A single fixed resistor is not sufficient to model
filament V-I curve in this magnetron. the bifiar winding resistance. Copper wire has a

linear positive temperature coefficient of 0.393 percent
2. Over the operatting range of 3 to 12 volts the per degree Celsius. A high winding resistance and a

data plot represents a good straight line, high temperature rise in the pulse transformer could
cause an increased voltage drop which must be compen-

3. The curve does not pass through the points sated in order to stay within heater schedule tolerance.
VF = 0 OF 0. This shows that an equivalent cir-
cuit cannot be oly resistive. The pulse transformer in this discussion is con-

tained in a small oil filled tank containing the pulse
A leat-squares computer program was used to forming network and other components. The tank is a
derive the intercept and slope of the best straight line sealed unit and any temperature sensing must be done
fit to both sets of data. The result in equation form is: without internal additions or changes. Thus, any

0. 5 . 0 1J7 ~F(bem )component used to sense and compensate for ther 50. 9 F resistance chVnge with temerature must e mounted
im 0.808 0. 177 VF (beam off) (4) on the sfac od tetanwk.

These straight line equations may be interpreted in Temperature rise measurements of the bfiar
2Oquivalent circuit form as a resistor in series with a winding and tank surface temperature (at the ansing

dtae source. The slope of the straight line repre- component location) showed about a 2 to 1 ratio.
3.nts the reciprocal of the series resistor. The volt- Specifically, the surface temperature rise wt about

ae source can be found by settig IF to zero and balo the internal rise. Therefore, a network tha has a
solving for V p. linear temperature coefficient of twice that of coper is
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required. This network, when mounted on the tank sur- r R R ' R
face. will be used to track bifilar temperature changes. FB + FB (6)

The component selected for temperature compen-

sation is a Texas Instruments "'sensistor", a positive VPS RT '
temperature coefficient silicon thermistor. Its V = - (7)
coefficient ot 0. 7 percent per degree Celsius is so near TH TH
the optimum value required that this component alone
is all that is necessary for bifilar temperature compen- By selecting VREF as a negative voltage and VTpI as
sation. Other coefficient values can be obtained by a positive voltage, the power supply output (VPS) is
designing a suitable resistor-sensistor network. found by combining equations (5), (6) and (7):

The penalty for not being able to place a sensing VRFB RT' / RFB
element in direct contact with the pulse transformer is V = V R "
a time delay in complete temperature compensation. HREi 1  (8)
This is the result of the thermal time constant of the
tank. The effect was measured and found not sufficient RFB RT
to cause an out-of-tolerance filament voltage. Imple- VTPI [ R 2  "2- R VTH RT
mentation on other systems must be individually

measured and analysed. where VTH is the Thevenin voltage at VF(M) produced

It is now possible to choose a resistance scale by V1 , R3 and R4 . RTH is the parallel combination of

factor of 1: 1000 between the bifilar, filament and the R3 and R4. RT' is the series combination of the

mimic circuit. This value was selected because the bifilar equivalent network (RT) and a variable resistor

bif ilar resistance is 1. 0 ohms at 25 0 C, and 1000 ohms (RA) that allows a small adjustment range in output

at 250C is a standard value sensistor. Furthermore, voltage. See appendix 1 for derivation of equations

a 1. OK resistance level represents a good compromise (5), (6), and (7).

between a high value that is susceptible to noise pick-
up and a low value that is overly dissipative.

Feedback Control
RV

Now that the mimic model components have been VAEP -V3

derived, we turn our efforts to circuit implementation. AA

Equation 2 is the expression that must be followed for V AT- A- A -.

IB > 2.96 nA. This straight line equation suggests
the following: v~lW W,

" Convert the average beam current into a A-

scaled voltage. A A

" Sum this scaled voltage (proportional to beam ;
current) with a fixed stable reference at the X, Iv

summing junction of an operational amplifier. T

By correctly choosing the scale factor and reference
polarity, the op-amp output will be inversely pro- Figure 7. Feedback Design Model
portlonal to beam current (VREF negative, VTp 1
positive). The plateau section of the heater schedule
is produced by the active feedback limiter shown in
Figure 4. Its action and design will be covered in sub-
sequent paragraphs. Figure 4 shows the basic design V ~IIMA
whereby feedback is taken from the junction of the
mimic components that represent the bifilar resistance
and the filament. The voltage limiter resistor (R3) and AA

feedback resistor (RFB) cause circuit loading so the
output/input response of the circuit must be derived. V--o 

1
-v,, Kit

The assumptions made are: The summing junction is r-
at virtual ground; the voltage at the base of Q1 is close A

to ground; and QI is turned off (IB > 2.96 mA). Only I
the necessary components for analysis are shown in
Figure 7. By applying superposition it can be shown - i
that the output response (VpS) to each of the three L J
inputs is:

_p [R FB +R T '  FB )
I 77 (5) Figure 8. Bifilar and Filament Model
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Based on knowing equation (2) must be satisfied at From (16)
VF, another expression can be derived that sets the
requirements for VPS. V V RFR (18)

Let VF=13 13 IB=
T

VI-KIB (9) TH + RFB
F  1385 Voltage Feedback Limiter

so that V1 is the intercept voltage and K is the slope of
the straight line. Equation (9) (the heater schedule) The plateau section of the heater schedule is
must be followed at the junction of the bifilar winding obtained by the action of the voltage limiter section
and the filament. Refer to Figure 8. By using super- shown in Figure 4. This circuit is used to independently
position the power supply output (Vps) required to set standby filament voltage, VL (IB <2.96 mA). Q1
follow equation (9) can be written as equation (10). starts conduction, and thus limiter operation, when

the base voltage reaches the cutin value of 0. 6 volts
RB + R RB (VBE) for a silicon transistor. 3 Base voltage depends

Vps (required) = (VI - KIB) + V' (10) on VREF, VF(M), and the values of R3, R5. Thus,
the value at which limiting action begins can be set by

Now coefficients may be equated and design values can VREF and R3, R5. Filament mimic voltage (VF(M))
be calculated. becomes the controlled value. Actual filament voltage

(From (10)) (From (8)) (VF) is likewise controlled because of the corre-
spondence between mimic and actual component values.

I = RE F  + R- () Diode D3 protects the base-emitter junction of QI
\ TH / I from a high negative voltage. Diode D2 is used to

RB RT' I R \FB compensate for the temperature sensitivity of VBE,
KI - = V 12 + T (12) and R3 limits the current supplied to the summing

2  RTH junction. When Q1 conducts, it supplies whatever

current is required at the summing junction to keep
V RFB VF(M) at the level set bi VREF, R3 and R5 . To

R (13 simplify the analytical expression for the limiting
1 voltage value, consider the equivalent input combination

RF B  of VREF/R1 and VTPl/R2 to be an equivalent resistor
KIB = VTP I R2  (14) RIN and source VIN.

R RT Where RIN - RI R2
V -- = VTH R TH  + 2

THand (VRTPI +VRE F'

Multiplying and dividing the right-hand side of (15): VIN =RIN \( + RT2/

RFB From Figure 4 it is possible to write by inspection:
by RTH+RFB, we have I V1 I R I R (19)

a R B R.1,' RFB RT' (16) VF(M) = IN F B  E F (1
R TH9 .VTH R

TH RTH RFB RTH RFB IE = emitter current of Q1RT + RFRTH FB E =  0 B (20)

Thus, we now have the following design equations: By solving for IB and using equations (19) and (20) the

vrom (13) (RFB) voltage at the limit value is:

From (14) IREF \FR V R \ IN 5REF()Ii RF\
KIB = VTPl - R3 VD - R 3 VBE - R2 VBE

R
2

From (16)
where V is the voltage drop across D2. Equation

RB RT' (17) (21) can e approximated to be:
R R TH RFB R

R TH + RFB VL =VREF 5  
V BE (22)

Hence, che plateau voltage can be set independently
by proper choice of VREF and the ratio R3/R5. See

appendix 2 for the derivation of VL.
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Beam Current Sensing a simple DC voltmeter at TPL.

The function of converting beam current pulses
into a low ripple, linear, scaled voltage at TPI is [.-fiL no 01

performed by CI, DI, R9, Rio, TI and an active _
filter shown in Figure 4. 

t

The purpose of each component is: ?. I FTa

T1 A current transformer with a one turn primary -
used around the two filament leads to measure
beam current. 1@ - AVG M CORRINT

D1 Used to pass only the negative output pulse 0.OUTYFACTOR
from Ti.

R9 Limits peak diode current. , C TIME COWT
CI Bypass capacitor for AC component of pulse. RC" llIMPARALLELUTH1 % -=L

RI0 Equivalent input DC resistance of active filter. , All

(See Figure 10 for schematic of active filter.) ARGE TI CONSAT

R7 Internal transformer shunt resistor. (Used to
prevent high voltage across the secondary if Figure 9. Diode Detector

external load is removed.)

R8 External load. (Total external AC load on Ti
is R8 in parallel with R9.) ,AVQ

The most important design consideration is the need J Rl iC 3

for a linear voltage to beam current relationship. The OCSUMNUUJCT.-\
equivalent input network is shown in Figure 9. A linear , AVG . 12

relationship among beam current, duty factor, and pi TPv
voltage across Rio is obtained by designing for a small
DC voltage across Rio. This is achieved by using a I1 c 121

long charge time constant and a short discharge time
constant. The small DC component of current flowing
in Figure 9 must flow through Rio. Referring to
Figure 9, the peak diode current is: Figure 10. Active Filter

VPK - VD

ID = R7 R8  (23) Tube/Supply Protection

R9 + 7 +R 8  The filament must be prt.ecna ; ._m high inrush
and the average DC current flowing through RIO is currents at turn on and any over,..-.it condition

theply: acaused by a power supply failure. The power supply
simply: TAVG = ID x D (24) must be protected from any high amplitude short

duration voltage spike arising from unbalance in the
D= pulse duty factor bifilar winding. Some unbalance is expected in normal

RIO is made part of a conventional two pole low-pass operation, and the voltage spikes produced can upset
active filter, shown in Figure 10. This configuration no&.r : DC feedback and regulation of the power supply
provides buffering and scaling to the next stage, as if left ,,nsuppressed.
well as reducing the pulse repetition frequency (PRF)
ripple at the output. Using the assumption of a virtual Current Foldback Protection: Limiting the maximum
DC ground at the DC summing junction. it can be seen output current is accomplished in this supply by a
that IAVG also must flow through Rll. Therefore, the conventional foldback circuit. Its action is to allow
voltage at TP1 is: normal output voltage up to a maximum specified

V I R (25) current. Any attempt to draw more current (by
VTPi 'AVG 11 lowering the load resistance) will cause the output

I Is related to IB by: voltage to decrease with a resultant decrease of output
AVG current. Figure 11 shows foldback action.

IB R7 R8
-- +R.V DD

I a (26AVG RI R8  (26)R9  R 7 +R 8

Hence. RuI can be selected for any scale factor desired. '.- (-
In this design I mA of average beam current will 641cpummWOMN
produce 0. 1 volts at TP1. This convenient value also Figure 1. Foldack Current Limiting
allows easy average beam current measurement with
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The benefit of current foldback is reduced power
dissipation in the output transistors under short cir-
cult conditions. Power dissipation is limited to the UNREGULATED INPUT

product of unregulated supply voltage and short cir- FRoM

cuit current (ISC). Short circuit current in this de- OIVIRSTAGE 62

sign was chosen to be 1/3 of the maximum limit 550PA

value resulting in a 3 to 1 reduction in dissipation as TwANoR

compared to a simple current limit scheme. ISC NJ
cannot be set too low. The inrush current will drive
the supply into current foldback, and output voltage 1

will fall.'% A stable point at a low filament voltage
would occur unless ISC supplies sufficient power to
heat the filament and raise its resistance. Current
fodhack protects both the filament from high inrush UT

currents and the power supply from short circuits. V" VOLTAGE

Power supply recovery from short circuits is
immediate, no external reset is necessary.

Figure 12. Overcurrent Protection
A simple current foldback circuit is shown in

Figure 12. Output current is sensed by resistor RS.
When in current limit, Q1 diverts base current away
from the pass transistor and thus reduces output
current. Current limit (IMAX ) is reached when the
base -emitter of Q1 reaches the cutin value of 0. 6 Overvoltage Protection: In the event of a short circuit
volts (VBE). IMAX should be selected from 1.3 to between collector and emitter of the pass transistor,
1. 5 times the maximum current requirement of the the filament would receive full unregulated voltage
filament. This is necessary because regulation be- which could be twice the normal value. This will
comes degraded as IMAX is approached. Under short destroy the tube by rapidly evaporating oxide material
circuit conditions the emitter of Q1 becomes grounded from the cathode. Consequently, a circuit must be
and the voltage drop across RS along with R1, R2 included that will monitor output voltage and eliminate
determines the bias to Q1 and the final foldback cur- overvoltage to the filament. If a false activation occurs,
rent ISC. the circuit must automatically reset after a prede-

termined time.
Under short circuit conditions the voltage at the

emitter of Qi is zero: A 555 integrated circuit 5 is used for voltage

VE = 0 (27) monitoring and timing. When activated, the 555 turns
on a transistor connected across the power supply out-

The open circuit voltage at the base (VB) is: put for a period of 10 seconds. If this is a false

R 2  activation, the supply goes into foldback limiting. After

VB = (Isc RS) 1  . (28) 10 seconds, the transistor is turned off, the output
voltage is monitored: and if it is less than the trip
value, normal operation resumes. Otherwise, an actual

by solving equation (27) and (28) for ISC we have: pass transistor failure results in a fuse opening in the

VBE (R I + R 2  unregulated supply. A schematic is shown in Figure
t (29) 13. The 555 is connected in a monostable mode.

%C ~ R2  Quiescent conditions are: C2 charged to VCC; pin 3
at VCC; Qi and Q4 are off. The threshold for corn-

Under current limit conditions the voltage at the parator #1 is set internally at 2/3 VCC. Input above
emitter of QI is: this value will reset the flip-flop; pin 3 will go low; Ql

V =V (30) will turn on. C 2 will start to discharge through R4;
VE P Q4 will turn on and short the output. The input to

(power supply output voltage) the open circuit voltage comparator #1 Is a fixed percentage of the output
at the base of QI is: voltage determined by RI and R2. The overvoltage

trip point (VOV) can be expressed as:
112'VB = [V p S +* IM A X R S ] 1R2 (31) VO =  V (

R 1 + R 2 )(4

solving equation (30) and (31) for IMA *e have:
Capacitor C2 continues to discharge until it reaches

V RI+ R2 V R 1/3 VCC, determined by the fixed internal triggerVE + R2  1  (32) value of o or #2. When the voltage across C2
'MIaAX R5Rreaches 1/3 VCC, the flip-flop is set, QI and Q4 turn

off, and capacitor C2 charges rapidly through Di.
using equation (29) we can write equation (32) as: The time (r) that Q4 remains on is the time it takes for

Vp R1  C1 to go from VCC to 1/3 VCC and is approximately:

'PS 1(33)
1 MAX =

1SC R 2 ('l+ 11 R4 C2 (35)
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F) AC line input variation: *18% from 115V
OUTPUT VCUNRE|GULATED

SUPL G) External meter: 100 gA movement,
1 Ra1.33 Kohm meter resistance

alO IO TO H) Adjustment range: Compensate up to 1. 0 V
COUT, R• additional loss from power

T supply to biftlar windings.

2z The equations in the feedback control and beam cur-
C? RE 04 rent sensing sections determine component values by

_--matching required coefficients to circuit derived
E Rcoefficients. An example will clarify the procedure:

Using requirement C and equation (14) at
Figure 13. Overvoltage Protection IB = 27.5 mA we have:

a x27.5 mA=2.75V

VTP=O lA
13_.I_ 0.3377

Additional Power Supply Protection: Other steps were (slope of heater schedule from equation (2))
taken to insure power supply survival. The first was
to place a high value, high voltage capacitor directly
across the power supply output terminals. This helps
reduce any short duration high amplitude voltage spikes RFB
from upseting the feedback loop. Across this ca- 0.3377 x 27.5 = 2. 75F-
pacitor is a General Semiconductor Industries
'TransZorb". The breakdown of this transient voltageisuppressor is selected to be higher than the over- RFB can be arbitrarly chosen from standard values
suppressorris slte to pupe i tha the omaxi- as 9.09K ohms. Equation (14) is solved for R2, andvoltage trip value. Its purpose is to limit the maxi- equals 2. 692K ohms. This resistor can be the series
mum voltage that can be allowed across the output
terminals in the event of a high energy voltage spike. combination of a standard value and a trimpoL

Finally a reverse biased diode is connected across the Equations (13), (17), (18) are similarly used to

pass transistors, (cathode connected to unregulated compute R1, RTH, VTH. VREF is arbitrary but
input anode connected to power supply output). This should be selected from available temperature
prevents any possible reverse voltage from appearing compensated values (6.2V was used in this supply).
across the pass transistors. RT' is made up of a sensistor (RT) and a variable

resistor (RA). RA allows a small adjustment in
Compliance With Heater Schedule filament voltage. Equation (22) determines the

plateau voltage and is used to meet requirement E,

The results of the previous sections can be used equation (1). If the active filter of figure 10 is used,
to determine component values. Some values are then equations (25) and (26) can be used to find the DC

arbitrarily assigned and selection depends on design feedback resistor, RI1. Short circuit and overvoltage

experience and component availability. The function protection can be implemented as shown in Figure 12

of this supply Is to satisfy equations (1) and (2) (a and 13 by using equations (29), (33), (34), (35).

heater schedule) at the filament terminals of a tube.
Listing the characteristics and requirements of the Test Points and Metering: Two test points are used to
power supply/filament system, as shown below for our determine the operation of the supply (TP1, TP2).
system, is the first step in achieving compliance. The voltage at TP1 is proportional to average beam

250C, current. In this design the scale factor chosen is
TC + 0. 393%/rC 0. 1 V/mA. This value makes direct reading possible

with a VOM (I. e. for average beam current equal to

B) Filament model: R - 5.08 ohms 20. 0 mA the voltage at TPI is 2.0 volts). A permia-
V a 2.86 volts nently installed microammeter is used in our system

C) Required scale factor at TPI: to monitor average beam current. As seen in Figure 4
VC 0.1 V/mA TP1 is used to supply current to this meter. The full

TP= 0 scale reading is 100 pA. A suitable scale factor of

D) Current transformer turns ratio: 0. 4 mA/A was chosen. Thus, at a meter reading of
N2  10 60 IA the average beam current is 60 #&A x 0.4 mA/ iA

N T N a 24.0 mA, this corresponds to 2.40 volts at TP.
The total resistance necessary is 2.4V/60 jA a 40K

12. 0 vt* 0. 75V ohms. Since the meter resistance Is 1.33K ohms, anE) Heater Schedule: VF 20 vots 0. V ( external 38.3 K ohm standard value resistor was

For 0 !5 IB !5 2.96 mA selected. This meter is used to monitor average beam

13 current without the need for an oscilloscope.
VF * 13 38.5 (2)

The voltage at TP2 Is equal to the filament volt-
For 2.96 < 1B S 27.5 mA age. It can also be monitored with a 20,000 ohms/

2S6



volt VOM. This provides a convenient check of power Conclusion
supply operation and filament voltage monitoring.

The design techniques discussed in this paper have
A linear series-pass regulator design was chosen been successfully Implemented. Measurements taken

for the power amplifier section. The advantages are with a floating DC voltmeter at the filament terminals
simple straightforward design, low EMT, elimination indicate complete satisfaction of the heater schedule
of thermal cycling in transistor junctions and high in Figure 1. This design has proven extremely useful
reliability. In order to meet the *18% line variation in acceptance testing of mnagnetrons since it auto-
requirement, while maintaining maximum output voltage matically supplies correct filament voltage for any
and current without saturating the pass -transistor beam current selected. Field use of this supply wil
system, required an unregulated supply of almost twice increase tube life by continually supplying the optimum
the maximum output voLtage. Efficiency was not a filament power for long cathode life over all conditions
major concern for our application, of line input voltage and beam current.
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Appendix 1

Closd Loop OC Gin Of Power Ampliflm Sec6ton VTH RTr I

Refer to Figure 7. Replace R3 , R4 , V1 with FB(2) R + RFB RT' RFB + ( 8

their Thevenin equivalent: TH RFB + RT'

R3 R4

TH R3 + R4  (Al. 1) IFB = 
TFB(I) + TFB(2) = - ( 1  12) (A1.9)

R3  VPS RTH \ VTH
VTH +V1 +R 4  (A1. 2) RFB RTH RFB + RTH) RRTH YIR R + RF B  + R H  T + RF B  + R T

The power supply output voltage (VpS) as a function of FE 1 10)

VREF, VTPI, VTH and resistor elements will be RT' VREF VTPl (Al. 10)

derived. A virtual ground is assumed at the summing +R Rl R

junction. Therefore, the sum of the currents at the RFB T') 1 2

summing junction must be zero: VP S  R TH VT H

1l+2+IFB =  (A.3) FBTH )FB ( FB T
( +R +RF R R T

IFB -(11 + 2) (A1. 4) FB TH FB TR ' V(Al. 11)

VREF ( REF VTPl
11= ) RFB+RT'I R1  " 5)

From (A1. 11) the output due to VTH (VREF = 0,-ipI (A 1. 6) = 0) is:12 R2 VTP1

Superposition is used to find FB caused by VpS and RRTH=

VTH. (With VTH set to zero. ) RT' (RFB + RTH) + RFB TH (Al. 12)

vpg VTH RT f

RTH (RFB + R Tf ) + RFB RT'

MT" F V N R, TI (A1. 13)
VTH RTH

From (Al. 11) the output due to VREF (VTH = 0,
Figure Al. 1. VTP1 = 0) is:

rp F RT' /J+ HB
V)_ _RPSTH VE " R1 T (Al 14)

FB(1)  R FB RTH RFB + RTH (Al.7) VREF R I R 1  TH

RFB + RTH From (Al. 11) the output due to VTp1 (VREF 0,
VTH 0) is:

with V set to zero. V PS FB+RT' ( RFB l

V§2RF 2 (+W.-)j (Al.l15)

Figure Al.2.



Appendix 2

FRudback VoVm LRmiw F [ VF(M) VREF

Refer to Figure 4. Replace VREF./R1 and VF(M) v1 - RFBL R3  5
VTPI/R2 with: R3 VD -R 3 VB E - R5 VBE (A2. 10)

R 1 2  and (A2. 1) R3 R5

RIN RI + R2  R3  ( R FB I

R VTP1 VREF R3 + ORFB R
VIN=RIN - 2 1 ) (A2. 2)1

The output voltage at VF(M) can be written by inspection: + R3 + ORFB R5  REF

VFF(M) - IN R + R3  R3 VD" R3 VBE-R5 VBE
VFM RI FB E RF) (A2.3) _____ __F______

R3 + BR FRFB R3 R5

The following two approximations are used: For 8 large and VD = VBE (A2. 11) becomes:

IE =OIB (A2.4)
R V 3 (A2.12Z)

The summing junction is at virtual ground. IB will be VF(M) = VREF - V
found and substituted in equation (A2.4) and (A2.3). R5  B
Base current is calculated by solving for the Thevenin
equivalent voltage and resistance presented to the base Thus, VF(M) will have a maximum value given by
of Q1. (A2. 12).

VTH - VBE
IB = (A2.5)

TH References
VF(M) + VREF - V

VTH V R3 + R5  1 + D 1. Collins, George B., Editor, "Microwave
3 + R5 VD -VREF (A2. 6) Magnetrons", MIT Rad. Lab. series, Vol. 6,

McGraw-Hill, New York, 1948.
R3 R5  (2. Ewell, George W., "Radar Transmitters",

RTH = R 3 + R5  (A2. 7) McGraw-Hill, New York, 1981.

3. Tobey, G.E., Graeme, J.G., Huelsman, L.P.,
Using (A2. 7) and (A2. 6) in equation (A2. 5) gives: "Operational Amplifiers", McGraw-Hill,

New York, 1971.

VF(M) + VRE F - VD 4. Pressman, A. 1., "Switching and Linear Power

R3 + R5 RS+VD -VREF -VBE Supply, Power Converter Design", Hayden Book

IB= R 3 R 5  
(A2.8) Company, New Jersey, 1977.

5. "Motorola Linear Integrated Circuits Data Book",
R3 + R5  Motorola Inc., Phoenix, Arizona, 1979.

-VFM VRE F  R3 V D -(R3+R5)VBE Notice

'B V + R33 R3 ' 5  (A2.9) This design has been proposed to the U.S. Navy

for use in a FCS program. This does not imply
approval, recommendation or support ot magnetron

Using equations (2.4) and (2.3): filament control by the U.S. Navy in its programs.
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A 95 GHz GRIDDED CIO TRANSMITTER
WITH NANOSECOND PULSE WIDTHS

J. Sajda, S. Brody
Norden Systems, Inc., United Technologies Corporation

Norwalk, CT

Summary The IO generates RF output when its
aperture grid is pulsed from a -3 kV bias

This paper descr.bes the requirements, voltage (relative to cathode voltage) to

design approach, and test results for a 95 cathode voltage. The leading edge of the
GHz transmitter, using a Varian VKB2445TI IO RF output is delayed relative to the
gridded Extended Interaction Oscillator leading edge of the grid pulse. The CIO

(EiO). The transmitter is being developed generates RF output for approximately the
for an airborne radar system application, top 40% of the trailing edge voltage
To minimize RI losses, the IO with its excursion of the grid pulse. Although
associated pulse circuitry will be mounted difficult to instrument accurately,
on a scanning antenna/microwave assembly. observations on the trailing edge of the

EIO RF output indicated appreciable
A modulator, using a single planar frequency departure from the frequency

triode driving a pulse transformer, has corresponding to the flat top of the grid
been designed, built, and integrated with pulse. Grid capacitance is 25 pF.
the IO. Clamp circuitry maintains grid
pulse top flatness to minimize intrapulse Figure 1 shows a photograph of the
and interpulse amplitude and frequency antenna mounted assembly consisting of the
variations of the IO RF output. The gridded CIO, grid modulator, and cathode
modulator provides the IO with a 3kV grid high voltage pulse components.
pulse from a floating deck at a cathode Approximately half of the allocated 130
potential of -20kV. Operation of the IO cubic inches is occupied by the CIO and the
at RF output pulses continuously adjustable fan cooling the 10 collector. Weight of
from 10 nsec to 400 nsec at PRFs to 10 KHz the assembly is 8 pounds. Voltages to the
and a peak output power of 1.4 kW at 95.0 £IO and grid modulator are provided by a
GHZ has been achieved. RF leading and power supply assembly located off the
trailing edge transition times were 4 nsec antenna platform.
and 10 nsec respectively. No significant
frequency spectrum degradation was observed
for IO RF output pulses of 80 nsec and 400
nsec. With a typical frequency sensitivity4
of 60 KHz/volt for the rIO cathode to body
voltage, data is shown indicating the
feasibility and limits for producing a
frequency excursion of 60 MHz at 60 Hz rate
by modulating the power supply providing
this voltage.

Introduction

Table 1 summarizes requirements for the
95 GHz transmitter. The gridded IO
provides a peak output power in excess of
0.8 kW at a duty cycle of 0.005 over a
mechanical tuning range from 93 GHz to 96
GHz. Peak output power at 95.0 GHz is 1.4
kW at a cathode voltage of -20.0 kV and a
beam current of 0.64 amperes. An
electronic tuning range of 200 MHz about
95.0 GHz can be obtained by varying the Figure 1. 95 GHz Gridded IO Transmitter/
cathode voltage from -17.0 kV to -20.0 kV. Modulator
Peak output power drops with a reduction of
the cathode voltage from the maximum power 95 GBz Transmitter Design Approach
point at -20.0 kV.

Presented in Figure 2 are details of
Table 1. the chosen design approach in order to meet

the requirements listed in Table 1. High

Frequency 95.0 + 0.3 GHz voltage, nanosecond pulses with a pulse
Output Power 1000 W minimum amplitude of 3.0 kV are generated by gating
Pulse Width 80 and 400 nsec the grid of an EIMAC 8940 triode VI from a
PR? 7.5 KHz cutoff voltage of -100 volts to a grid
Spectrum Main <1.1 (2/pulse drive voltage of +50 volts. Pulse width of
Lobe Width width) the triode grid pulse determines CIO RF

Spectrum first -10 dB maximum output pulse width. Grid pulses to the
Sidelobe triode are provided by a simple FET drive

Frequency Agility 40 MHz minimum c!rcuit. Pulse transformer TI, having a
60 Hz rate 1:1 turns ratio, provides high voltage

Volume 130 cu. in. isolationinverts,and couples the 3.0 kV
Weight <10 lbs. pulse onto the floating deck at cathode
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REMOTE ANTENNA MOUNTED GRIDDED EIO TRANSMITTERIMODULATOR
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figure 2. Gridded E10 Transmitter Design Approach

potential. During the interpulse period, Grid modulator Design
-3 kV bias is provided to the 10 grid
through the secondary winding of pulse The effects of leakage inductance in
transformer Ti. High speed diode clamp CR2 the high voltage pulse transformer and
shapes the natural oscillatory response stray capacitance in the high voltage pulse
introduced by the pulse transformer leakage transformer and CIO grid are minimized in
inductance and the parallel combination of the design approach presented in Figure 2.
pulse transformer winding capacitance and A discussion of circuit parameters
CI0 grid capacitance. Resistor R2 enhances affecting the front edge, top of pulse, and
grid pulse trailing edge transition time so trailing edge response of the grid
as to obtain an acceptable trailing edge modulator output pulse follows.
transition time on the 110 RF output (Ref. 1,2).
without excessive power dissipation.
Backswing voltage is limited by the series Figure 3 shows a simplified equivalent
combination of diode CR1 and resistor RI. circuit of the parameters affecting the

front edge response of the pulse.
The remote power supply assembly Parameters affecting the front edge

provides the CIO with cathode, grid bias, response are triode plate resistance Rp,
and heater voltages and the triode with pulse transformer leakage inductance LL,
plate voltage via a high voltage cable and the parallel capacitor combination C of
assembly. In addition, miscellaneous low pulse transformer winding capacitance and
voltages and a variable width modulator 110 grid capacitance. Presented in Figure
gate pulse are supplied to the grid 4 is a set of curves showing the output
modulator circuitry. The output of the 10 voltage versus oscillation period T of the
cathode power supply is capable of circuit for different damping factors k
generating a voltage excursion of 1000 where
volts peak-to-peak at a 60 Hz rate when L m 2% rV- (1)
supplied with a low voltage programming
input. and k - R /2 c C-/-.(2

Seam current for the IO is supplied by
pulse capacitors C2 and C3. Capacitor C2 Low damping factors k result in fastsr
supplies body current and capacitor C3 transitions to the steady state output
supplies collector current with isolation voltage but with a more significant
provided by resistor R5. With a ratio of oscillation about this voltage. Clamping
approximately 10 to I for collector tobody the output with diode CR2 results in an
current, voltage droop on the cathode-to- output pulse with a flat top when pulse
body voltage is reduced without the amplitude reaches bias voltage. A fast
necessity of an increased value for cathode leading edge transition is obtained for a
energy storage capacitance. Resistor RS circuit with low damping factor k. As can
sinimizes peak current and absorbs energy be sen by examining equation (2), higher
in case of an IO arc or a breakdown in values of pulse transformer leakage
insulation of a component floating at inductance (inherent in a transformer
cathode potential. insulated to withstand 26 kV) result in a
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With approximate values of 200 ohms for
the triode plate resistance, 20 uH for the

RP LL pulse transformer leakage inductance, and
35 pF for total stray capacitance,-7 unclamped oscillation period T and damping

,c factor k are 170 nsec and 0.13 respectivelySfor the modulator design of Figure 2 with
EIO grid load. Clamping of the grid pulse
occurs after a leading edge transition time
of 40 nsec. This is consistent with

Figure 3. Simplified Circuit for Front information shown in Figure 4. Circuits
Edge of Pulse Response with low damping factors k rise to a

normalized output voltage of 1.0 in a
quarter of the oscillation period T.

ik  Figure 6 Shows a simplified equivalent
0.25 circuit of the parameters affecting the

1.4 trailing edge response of the pulse.

M4 Discharge of the stray capacitance Z occurs
1.2 through the parallel combination of pulse

transformer pulse inductance L e (at the end
of pulse) and resistor R2. Suitable CIO RP

1.0 fall times were obtained with resistor R2
dissipating 15 watts.

0.8

S0.4 0 7.1

Figure 6. Simplified Circuit for Trailing
0 Edge of Pulse Response

T/2 T 3T12 2T ST/2 3T

OSCILLATIONPEIOO CIO Transmitter/Modulator Test Results

Figure 4. Front Edge of Pulse Response Presented in Figure 7 are photographs
of the EIO grid-to-body voltage and the
resulting detected Rr output pulse at pulse
widths of 80 nsec and 400 nsec for the

Amodulator design of Figure 2. A slight
-- p 4 tilt is discernible on the EIO grid-to-body

.....ThODE I 0 voltage at the wide pulse width due toM .-CR2discharge of the cathode-to-body energyT- storage capacitor. The leading edge of the
CIO RP output exhibits a 20 nsec delay

Eto SIASafter the grid has been clamped to cathode

potential. RI leading edge transition time

Kiqure 5. Simplified Circuit for Top of is less than 4 nsec. Leading edge jitter,
Pulse Response inherent in the CIO, is on the order of 2

nsec peak-to-peak at a fixed cathode
voltage. RF trailing edge transition time
for the narrow pulse width is 10 naec. 1ie

lower damping factor k. Quicker RF output pulses as narrow as 10 neec were
transitions to the clamping voltage result. obtained by reducing the width of the grid

pulse to the 8940 triode.

Figure 5 shows a simplified equivalent
circuit of the parameters affecting the top Spectrum measurements, using the setup
of the pulse performance. Triode plate of Figure 8, were conducted by mixing a
voltage is set higher then CIO grid bias sample of the CIO RF output pulse with the
voltage so as to forward bias diode CR2. CW RF output from a mechanically tuneable
Triode plate current provides pulse oscillator. The tuneable oscillator was
transformer magnetizing current and forward set so as to obtain a beat frequency in the
bias current to diode CR2. A pulse with a order of S0 MHz at the output of the
flat top appears across the input of the balanced mixer. The spectrzm was displayed
pulse transformer. The modulator output is on a HP 8S6SA spectrum analtzer.
clamped to cathode voltage. Pulse
amplitude is determine by IO grid bias As shown in Figure 9, no significant
voltage. With the triode operated in the degradation in main lobe width or sidelobe
linear region, fluctuations in the triode level was measured for the ID Rr output at
plate voltage due to line, load, and ripple pulse widths of 80 nsec and 400 neas. main
variations are attenuated by the divider lobe width was 2/ (pulse width) for both
action of the triode plate resistance Rp pulse widths. Maximum sidelobe level
and the low resistance of forward biased (first aidelobe) was 12
diode CR2, shunting the output. dB below the peak of the main lobe for the
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HORIZONTAL - 1OO NSEC/DIV HORIZONTAL * 20 NSEC/DIV

UPPER TRACE: GRID PULSE VOLTAGE -3.0 kV

LOWER TRACE; DETECTED RF PULSE

Figure 7. E10 Grid-to-Body Voltage and Detected RF Pulses

Frequency Agility.Modulation Voltage

610OOUTPUT As shown in Figure 10, cathode power
SAMPLE supply modulation is implemented by

introducing a low level modulation input at
the voltage reference port of the voltage
error amplifier. A mine wave modulation

SPECTRUM Iinput of 180 mV peak-to-peak at a 60 Hz
BALANCEDi ANALYZER rate results in an output voltage excursion

MIXER I HP86A |of 1000 volts peak-to-peak with no
significant distortion. Due to bandwidth
limitations in the power supply, the output
modulation lags the input by 25 degrees.

5 GHz I The £10 exhibits il. :easing RF leading
MECHANICALLY] edge delay as the cathode voltage

AOSCILLATOR approaches the value resulting in maximum
output power. To minimize RF leading edge
delay variation with frequency agility, the
cathode voltage excursion of 1000 volts
peak-to-peak is centered at a nominal
voltage of -19.0 kV. A cathode voltage

Figure S. 95 G~z Pulsed RF Spectrum excursion from -18.5 kV to -19.5kV produces
Measurement Setup a frequency excursion of 60 MHz, an output

power variation of 1.3 d8, and an RLI
leading edge jitter of 9 nsec on the E10 RF

400 nsec pulse. Maximum sidelobe level output. Radar system requirements can
(first sidelobe) was 11 dB below the peak tolerate this level of jitter in the
of the main lobe for the 80 nsec pulse. frequency agile mode of operation.

PULSE WIDTo - 400 NSEC PULSE WIDTH S ao NSEC

PRF 8 kHz PRF - kHill

VERTICAL - S d5IOIV * VERTICAL - S 45/DIV

HORIZONTAL - S MNt/CIV HORIZONTAL - 10 MIz/DIV

Fijure 9. Gridded 10 RF Spectrum
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28 VOC INPUT

60HzPULSE WIDTH
MODULArIOt_ VOLTAGE VOLTAGE MODULATED MV XPNIA ye

INPUT REFERENCE ERROR -- 620 KHx - AND -

AMPLIFIER INVERTER MULTIPLIER

OUTPUT VOLTAGE
SAMPLE

Figure 10. Cathode Power Supply Modulation

Conclusion 1000 volts peak-to-peak at a 60 Hz ratehave been obtained by supplying the EZo

Simple circuit techniques have been cathode power supply with a low voltage
utilized to design a modulator resulting in programming input at the same rate.
successful operation of a 95 GHz gridded
E10 with nanosecond RF pulse widths. References
Pulsed RF spectrums of nanosecond pulses
approaching a sinx/x shape have been 1. Reuben Lee, Electronic Transformers and
measured. The limited size and weight of Circuits, 1947, pp. 222-230.
the EIO/modulator combination make it
suitable for mounting on a scanning antenna 2. George E. Ewell, Radar Transmitters
platform. Sine wave voltage excursions of 1981, pp. 144-150.
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Impact of Electron Guns on Modulators for High Frequency, Mobile
Platform Radar Systems

Bernard Smith
US Army Electronics echnology & Devices Laboratory (ERADCOM)

Fort Monmouth, NJ 07703

ABSTRACT

Modern millimeter wave radar and ECM systems with one or more grids. While the inclusion of
require high power output pulses with rise times these grids in electron guns have made the modula-
of the order of nanoseconds, thus imposing severe tor design easier they have increased the design
performance and size constraints nn the modulator complexity of the tube, its overall cost due to
for mobile platform aoplication. To meet these reduced production yields and their susceptibility
fast rise times at frequencies below I/J band to damange (vs modulation by cathode pulsing) in
various gridded gun designs are used. But for system application.
frequencies above I/J band high mu gun design
using conventional gridded guns becomes difficult Fabrication of high mu gridded guns at fre-
if not impossible. For high frequency, low vol- quencies up to I/J band has become fairly routine.
tage modulators, fast rise time applications, For frequencies above I/J band production fabric-
gridded gun desiqns can be achieved using a ation of high mu guns is very difficult because of
method in which the intercepting grid sets di- the small grid sizes and the tight tolerance re-
rectly on the cathode surface supported by an quired. At I/J band or above very few production
insulator between the focus Irid and the control tubes are fabricated with a shadow gridded gun be-
grid, This method is called the bonded or in- cause of the difficulty in building these guns at
teg-ated grid cathode technique. frequencies above ten GWz and maintaining the

The bonded grid cathode approach, because it tight tolerances required for good beam optics.

operates at cathode temperature and also effecti- Therefore at frequencies above I/J band if the
vely shields a significant portion of the cathode mu required by the modulator to meet the size and
area, places severe operating constraints on the weight contraint of mobile platform systems such
cathode. The nature of these constraints and how as RPV's and tank radar systems are to be met con-
they affect gridded gun design will be discussed. ventional grid structures such as shadow grids are
The advantages of the bonded grid gun design con- no longer adequate.
cept and various approaches to achieve a bonded
grid electron gun is presented. The design of a Since these guns will be used at millimeter
bonded griO gun for a 95 GHz EIA is presented and wave frequencies in high power linear beam tubes
the effect -.' the optimum grid design on modula- they must not only be self-spacing but they must
tor power requirements, size and weight are also have a reasonably high mu to reduce the modulator
presented. The factors that determine the opti- voltage required for pulsed applications. To
mum grid design such as grid-cathode interface, achieve the required mu these gridded guns must
output power and cathode current density will have a small enough mesh and grid size in addition
also be discussed. to a smaller cathode to grid spacing. This would

enable substantial reduction of the required grid
voltage swings and attainment of the nanosecond

Introduction switching speeds required for these system. In

the proper design of these gridded gun structures
a compromise between the best tube performance

Electronic counter measure (ECM) and advance (beam optics) and modulator requirement must be
surveilance and target acquisition radars for mi- made. When the proper choice of grid cell dimen-
litary system require high power output pulses sions and grid sizes, as well as cathode grid
with rise times of the order of nanoseconds. spacings are made significant savings in modulator
Rise times of the above magnitude impose severe power requirenent and therefore modulator size and
performance requirements on both the modulator weight can be made. Design consideration in the
and the ampllfier tube. To add to the modulator selection of the optimum choice of gridded gun
and tube designer's problems in many of these will be discussed along with the impact of the ca-
application such as mobile platform system there thode on the optimum bonded grid gun design.
exist size and weight constraints which must be Modulators power requirements for state-of-the-art
met. With state-of-the-art voltage modulation 95 QIz EIA will be compared to the modulator power
capabilities, fast risetimes are achieved in requirements for a bonded grid EIA.
linear beam amplifiers by designing electron guns
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Design Consideration voltage non-intercepting gridaed gun, approaches
such as the modulating anode, center post control
and negative grid approach are elininated because

The 95 GHz Extended Interaction Amplifier they can not meet the criterias cited above.
(EIA) developed by Varion Canada is a cathode Shown in figure 1 is a set of four gridded gun ap-
pulsed linear beam device. The relavant tube proaches which could be considered. As previously
design specifications are given in table 1. The stated the cathode control gun shown in figure I a
energy W required by the modulator to charge the requires a very high pulse voltage. The modified
rathole Sapacity is defined by the following equ- focus electrode control gun has a very low mu and
ation requires pulse voltage of 3.0 kV or higher to mo-

dulate the beam in an EIA. The negative grid gun
W=1/2 CVp

2  
shown in figure I-c is power limited, difficult to
build and was primarily used in older gun designs.

where The shadow grid gun in figure 1-d is mechanically
complex, difficult to align and space to the to-

W-Energy required to charge lerances required at 95 GHz. For the above
the cathode capacity reason, all of the above guns would not be consi-

dered as viable candidates for the 95 GHz EIA.
C=capacitance of device

Shown in figure II are three other types of
Vp-pulse voltage gridded guns which I will discuss the merits of.

The unigrid shown in figure 11-a is a modified
The energy required to charge the tube capa- version of the shadow grid gun and is very diffi-

city after substituting the value in table I is cult to fabricate at 95 GHz due to the required
2.16 X Ig

"
3 joules. At a pulse repetition rate of tight tolerances. Negative gridded guns shown in

2E5 X 10 PPS the power required from the modula- figure 1I-b may meet the requirements of beam con-
tor is 540 watts. Since the tube ;s only trol. Application of this gun at 95 GHz is
delivering power for only 2.6 kV of the 12 kV mo- considered marginal. The bonded or integrated
dulating pulse it is this 2.6 kV which must be grid gun shown in figure II-c is a metal-insulator
covered in the specified rise time. Assuming a metal grid which is mounted directly on the ca-
constant current source te current required by thode surface. The major advantage of this design
the modulator is given by I: approach is that close tolerances required in grid

to cathode soacing for electron guns at 95 GHz are
I - CXV easily obtained 3nd maintained at cathode operat-

ing temperature. The bonded grid structure allows
control of the beam current in the electron gun

where using a lower control voltage than the cathode to

anode voltage. Therefore on the basis of the
V * voltage above the obvious choice of gridded gun for the 95

GHz EIA is a bonded grid gun,
t - risetime

Cathode Consideration
c - capacitance of EIA

substituting the values for c, V and t from table
I into the equation we get a current of I = 3.9A Because the bonded grid operates at or near
required from the modulator. Comparing these cathode temperature the choice of cathode is crit-
with the power requirements of the tube to pro- Ical to the development of bonded grid guns. In
duce RF power which is 126 watts and 0.6A it is high Power tubes at 95 GHz to achieve the desired
apparent that approximatley four times as much output power a minimum beam current is specified.
power is needed to switch the tube as is needed The beam current for the 95 GHz EIA is M,5A.
to actually produce RF power. The modulator must Based on this current loading and taken into a:-
also be capable of delivering seven times as much count the design frequency and the screening
current as the tube needs. fActo; of the grid a minimum current density -f

8 /cm- is required. Because of the cathode
For mobile platform systems there is a size screening factor and the cathode area :hoosen the

and weight constraint on thl modulator of 2 Kg or convergence ratio of the bonded grid gun will be
less and a volume of 430 cm . To achieve these higher than for a cathode pulse gun to achieve the
size and weight constraints and meet the fast same beam current. At the current density cited
switching requirements of these tubes for high te 2umber of cathodes capable of delivering
frequency applications is beyond Jhe present 3 /cm at reasonable operating temperatures for
state-of-the-art of modulator design . Looking long life is limited. Selection of the cathode is
at equation 1 the obvious solution is either to bAsed2 on the ability of the cathode to deliver
significantly reduce the charging capacitance 3 /cm", space charge limited, at as low an operat-
which is difficult or reduce the switching vol- Ing temperature and sublimation rate as possible.

tage requirements which can be done if a gridded The grid material selected must, (1) have high
gun is used rather than i cathode pulsed gun. thermal and mechanical stability, (2) not adver-
Fabrication of gridded guns at 95 GHz is extre- sely affect the emission characteristics of the
mely difficult because of the critical spacings cathode at elevated temperatures and (3) have very
and tolerance constraints. Because of the above poor adherence for the evaporants evolved from the
constraints and the desire to make the gun a low cathode. Pyrolytic boron nitride as the grid
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insulator material, meets all of the above cri- anticipated that the performance achieved for the
teria. The importance of the above properties C-band tube can be achieved at 95 GHz in an EIA.
for the grid material can be seen from the fol-
lowing. For bonded grid cathodes operating
temperature of 1000 C or higher grid currents Conclusion
occur due to, (1) bulk conductivity, (2) surface
conductivity and (3) grid emission. At bias vol-
tage the emission from the above F~rces can be It has been shown that because in bonded grid
described by the following equation" guns the grid operates at cathode temperature

-/KT proper choice of cathode is essential to minimize
J A T2 e 'Tj R  grid emission. Because of the high current re-

quirement for high power linear beam devices a
where compromise must be made between cathode operating

ctemperature, sublimation rate and the desired cur,
S= current density in A/cm- rent density. State-of-the-art bonded grid gun

A 20 used a M-cathode. For 95 GHz development of the
A - constant = 120 /cm /°K cathode to be used in the EIA is being done on an

ERADCOM contract,
T = absolute temperature

By selecting a bonded gridded gun over other
= work function in eV conventional gun types it has been shown that sig-

nificant reduction in the modulator power
K = Boltzan's constant requirements can be achieved. This reduction

should make it easier for the modulator power
JR leakage current supply engineer to design a package which will be

compatible with the requirements of mobile plat-
The total grid current for bonded grid guns form systems especially at frequencies in the

todate have been on the order of several milliamp millimeter wave region.
which is well within acceptable limits for grid-
ded linear beam devices.
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Table I: Design Soecifications of 95 GHz EIA.

BEAN VOLTAGE 21.0 KV

PULSE VOLTAGE 12.0 Ky

~IEXl :URRE.NT 0.6 A

HEATER 4 I
CATtiODE CAPACITY 15 PF

VOLTAGE CHANGE BETIWEEN ZERO
FULL RF POWER 2.5 KV

PULSE LENGTH 50 Ns

f!AXI*.UM I!SE AND FALL TI'IES 10 Ns CATHODE 1
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GRIDOED TRAVELING-WAVE TUBE MODULATOR TRADEOFFS

A. S. Zinkin, R. S. Boiles, R. F. McClanahan, and R. D. Washburn

Hughes Aircraft Company - Radar Systems Group

El Segundo, California

Abstract

This paper identifies three basic types of grid
modulator circuits which can be used with gridded
traveling-wave tube amplifiers in radar transmitters. PRIARY
Each modulator type has advantages and disadvantages, INPUT
depending upon system requirements. The tradeoffs WER

involved in the selection of a modulator are discussed, --2considering such factors as pulse repetition frequency TRANSMTTER ,OGRIO L IHVL;AGEIGATE PULSE OOULATOR POWER

and pulse width ranges, circuit reliability, power SUPPI
dissipation, and component count.

Introduction GRIO

In most modern airborne radar systems, the trans- CAThO0 COLLECTOR
mitter unit is based on a gridded traveling-wave tube
(GTWT) which amplifies a microwave signal through ICROWAVE T
interaction of the microwave field with a high-power INPUT MICROWAVE
electron beam. Figure 1 is a simplified block dia- OUTPUT
gram of a GTWT transmitter. A high-voltage power
supply is connected to the cathode and collector of
the GTWT, providing power for the electron beam; the Figure 1. GTWT Transmitter Block Diagram
cathode voltage can be in the range from -5 kVDC to
-100 kVOC depending on the particular GTWT. The
electron beam (and thus the amplifier) is switched on modulator, the pulse-transformer-coupled modulator,
and off at the radar pulse repetition frequency (PRF) and the RF-transformer-coupled modulator.
by pulsing the GTWT grid. A positive grid-to-cathode
voltage turns the amplifier on, while a negative
voltage is required to turn the amplifier off; both Floating Deck Modulator
the "on" and "cutoff" voltages can be in the range
from 50 volts to 1000 volts. Figure 2 is a block diagram of a floating deck

grid modulator, so named because it includes an active-.The design of a grid modulator circuit for a circuit deck which "floats" at the GTWT cathode volt-
radar transmitter is driven by several factors: age. A logic-level transmitter gate pulse is first

conditioned at ground potential, and is then coupled1. The modulator output circuitry must be ref- through scne device which provides high-voltage iso-
erenced to the GTWT cathode voltage, which requires lation to two driver circuits, each of which controlssome means of low-voltage to high-voltage coupling, a transistor switch. These transistors connect the

GTWT grid alternately to a grid "on" (B+) or "cutoff"
2. GTWT performance is extremely sensitive to (B-) power supply.

variations in the grid "on" voltage, which requires
an accurate grid pulse amplitude (typically +2%) and The high-voltage coupling device is generallyvery low grid ripple. For this reason, the trans- either a low-power pulse transformer or a fiber-optic
mitter generally includes two well-regulated low- link. Use of a transformer establishes an upper pulseripple power supplies for the grid "on" and "cutoff" width limit, and requires a tradeoff between pulsevoltages, with the modulator providing a means for width and rise time. For this reason, the fiber-optic
switching the GTWT grid between these voltages, link is preferred for new designs; the maximum pulse

width is unlimited, and the grid rise time is limited3. A modern pulse-doppler radar system seldom only by the switching speeds of semiconductor devices.operates at a single fixed PRF and pulse width. In a The main drawback to the use of fiber-optics is themultimode system, it is not uncomnon to find a three- need for extra amplification on the output of the op-decade PRF range and a two-decade pulse width range. tical detector, resulting in a higher component count
on the high-voltage dieck.

4. Pulse rise and fall times must be kept to a
minimum, since the GTWT RF circuit can be damaged by Selection of the output switching transistors inr'..rheating if the transition times are excessive, a floating deck modulator requires careful considera-

tion. The voltage seen by these devices is equal to
large variety of modulator circuits have been de- the total GTWT grij voltage swing, which can exceedigned with the above considerations in mind. Recent 600 volts for a high-power tube, Until recently, bi-

development work at Hughes Aircraft Company has con- polar transistors were routinely chosen over field-centrated on three basic types: the "floating deck" effect transistors (FETs) for this application due to
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Figure 2. Floating Deck Grid Modulator

the higher voltage ratings of the bipolars. The avail- connected to a driver circuit which controls a tran-

ability of high-voltage metal-oxide-semiconductor FETs sistor switch (01). 01 is held on during the gate
(WOSFETs) has eliminated the bipolar's voltage advan- pulse, thus coupling a high-power pulse through the
tage; further, since MOSFETs are voltage-controlled transformer. The transformer output pulse is shaped
devices, they will in general require less drive by a passive network and is then clamped to the grid
circuitry than a bipolar transistor. Some applica- "on" (8+) power supply.
tions require voltage swings which exceed the capabi-
lity of either transistor type, in which case it is At the end of the gate pulse, a second transistor
necessary to cascade two or more devices to form each (Q2) is pulsed on to drive the transformer in the
output switch. opposite polarity. This provides the falling edge of

the grid pulse and resets the transformer's magnetic
The current-carrying capability of the output flux which prevents transformer saturation. A third

transistors also needs to be considered. The steady- transistor (Q3) is turned on whenever QI and 02 are
state GTWT grid current is not a problem; grid current both off, so as to damp out any residual energy left
is generally about ten percent of the total GTWT beam in the transformer and thereby prevent interpulse
current for a conventional grid, and is less than five ringing on the GTWT grid. Figure 4 illustrates a
milliamperes for the nonintercepting "shadow" grids typical set of waveforms for a pulse-transformer-
used in most high-power tubes, so the steady-state coupled grid modulator.
transistor current is normally less than 100 milli-
amperes. However, the capacitive load being switched Some care must be taken when designing the trans-
by each transistor (consisting of the GTWT grid-to- former reset circuit. A fixed-width reset pulse is
cathode capacitance plus the output capacitance of the easy to generate and is thus very desirable, and can
opposite transistor) results in large surge currents, be used in low-duty-factor applications. We have
especially when the rise and fall times are very fast. successfully used this technique in a modulator with a
For example, with a typical grid capacitance of 100 maximum duty factor of 0.07 and a 20:1 pulse width
picofarads, a MOSFET output capacitance of 400 pico- range; the reset pulse width was fixed at the minimum
farads, a total grid voltage swing of 600 volts, and grid pulse width. In most applications, however, it
a transition time of 50 nanoseconds, the charging is necessary to vary the width of the reset pulse as a
current can be approximated (C times dV/dt) as 6 am- function of the grid pulse width. The ratio between
peres. The initial turn-on surge current can be many these pulse widths, and therefore the modulator's
times larger than this simple approximation, and must maximum duty factor, is fixed by the need to maintain
be suitably limited. For bipolar devices it is equal volts-seconds products on the two transformer
usually necessary to include a resistor in series with primary windings. If both primaries are connected to
each switch; MOSFETs do not require this resistor due the same input voltage (the normal case, as illustra-
to their inherent current-limiting characteristic, ted in Figure 3), and if the primaries have an equal

number of turns, the reset and grid pulse widths will
be equal and the maximum duty factor will be 0.50.

Pulse-Transformer-Coupled Modulator Higher duty factors can be obtained by using two
different power supplies or different turns ratios.

Figure 3 is a block diagram of a pulse-trans-
former-coupled grid modulator. Unlike the floating The pulse-transformer-coupled modulator also has
deck modulator, which has most of Its power amplifi- limitations on minimum and maximum pulse width. Tran-
cation at high-voltage potential, the pulse-trans- sistor switching speeds and the transformer rise time
former-coupled modulator performs power amplification determine the minimum pulse width; with MOSFET switches

at ground potential and then uses a high-voltage a minimum pulse width of 400-500 nanoseconds can be
power transformer for the low-voltage to high-voltage realized. The maximum obtainable pulse width depends
interface. A logic-level transmitter gate pulse is upon the rise and fall times needed, since wide-pulse
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capability and fast rise time impose conflicting re- necessary to use diodes with very fast forward and re-
quirements on the design of the transformer. Rise verse recovery times (tfr and trr) and with minimal
and fall times of approximately 0.3 percent of the junction (and package) capacitance. At the present
maximum pulse width are obtainable, time, single discrete diodes meeting all of the above x

requirements are not available. It is therefore nec-
Power dissipation of a pulse-transformer-coupled essary to use a number of Schottky or ion-implanted

modulator can be very large at high PRFs and duty fac- low-voltage rectifiers connected in series. It may
tors. Switching losses in the transistor switches and also prove possible to use "synchronous rectification"
output clamp circuit are proportional to the PRF; ad- techniques (where the rectifiers are replaced by syn-
ditional losses in the output circuit during the reset chronously-switched MOSFETs) in the envelope detector.
pulse are an exponential function of duty factor.
Figure 5 shows the total power dissipation for a typi- The response of the envelope detector alone yields
cal pulse-transformer-coupled modulator; this parti- unacceptable rise and fall times for nearly all appli-
cular circuit was designed for high PRF and high-duty- cations; the rise time is limited by the load (grid-to-
factor operation, with a 500-volt grid swing and 50 cathode) capacitance and the available RF input power,
nanosecond rise and fall times, while the fall time is determined by the load capaci-

tance and the bleeder resistance. In order to correct
this problem, two "edge circuits" are added to the mod-

RF-Transformer-Coupled Modulator ulator to rapidly charge and discharge the load capaci-
tance by means of relatively narrow pulses generated

Figure 6 is a block diagram of an RF-transformer- at the leading and trailing edges of the transmitter
coupled grid modulator. A logic-level transmitter gate pulse. These edge pulses are coupled through
gate pulse is used to amplitude-modulate a 100 mega- transformers T2 and T3 to form the leading and trail-
hertz RF source. The resulting signal is amplified ing edges of the GTWT grid pulse. Due to the small
and then applied to a high-voltage isolation trans- pulse width for the edge transformers, grid pulse rise
former (TI). In order to assure maximum RF power and fall times as small as 20 nanoseconds can be
transfer, a passive impedance-matching network is achieved.
connected to the transformer secondary. The output of
the matching network is envelope-detected and is then Unlike the pulse-transformer-coupled modulator
clamped to either the grid "on" (B+) or "cutoff" (B-) discussed earlier, the RF-transformer-coupled modulator
power supply. A small filter removes ripple compo- has no significant resistive losses; power transfer is
nents at the carrier frequency and its harmonics. A done reactively, and most of the dissipation is asso-
bleeder resistor (R1) provides a steady-state path for ciated with the RF power amplifier and switching losses
cutoff bias. in the envelope detector. Another advantage of this

reactive power transfer is the half-sinewave edges
The envelope detector is normally a full-wave which are produced, which results in minimal far-out

bridge. Selection of the rectifiers for this bridge noise in the RF output spectrum.
is critical to modulator performance. As previously
noted, the typical GTWT grid voltage swing is several This type of modulator does not have a maximum
hundred volts; the rectifiers in the envelope detec- pulse width; the minimum pulse width is limited by the
tor must be rated at the full grid-swing voltage. Ad- speed of the edge circuits, and is of the order of 250
ditionally, in order to obtain a good rectification nanoseconds. A comparable time period must be allowed
efficiency at the high RF operating frequency, it is between pulses, which results in a moderate duty cycle
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Figure 6. RF-Transformer-Coupled Grid Modulator
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limitation at extremely high PRFs. We have success- ters. The other two modulators, however, can force a
fully achieved a duty factor of 0.50 at a PRF of 2.25 significant amount of current into the bias supply
megahertz with our present brassboard modulator. output filters. This requires a relatively large bleed

current through RI and R2, and a correspondingly high
power dissipation.

Grid Bias Power Supplies

All three modulator types discussed in this paper Modulator Comparisons
require two grid bias (B+ and B-) power supplies, ref-
erenced to the GTWT cathode. As explained above, the Table 1 presents a quantitative comparison of the
grid bias supplies must be well regulated with minimal three types of grid modulators discussed in this paper.
output ripple. Two basic types of power supply cir- Although most of the tabulated limitations could be
cuits can be employed, each using a transformer for exceeded under special conditions, we feel that the
power coupling and high-voltage isolation. The dif- table represents the performance attainable in prac-
ference between these two approaches is in the loca- tical applications. For comparison purposes, we have
tion of the vol-tage regulator circuit, used optical coupling in the floating deck modulator,

and a pulse-transformer-coupled modulator designed for
In the first approach, an unregulated AC power a 0.50 maximum duty factor.

form is connected to the transformer input; this input
signal can be either a low-frequency (60 or 400 Hertz) It is difficult to define absolute mode limita-
sinusoidal power source, or a square wave generated by tions for the pulse-transformer-coupled modulator. If
a switching-type power converter. Two transformer a relatively narrow pulse width range can be tolerated,
output signals are rectified and filtered, and then it is possible to operate this type of circuit at PRFs
connected to a pair of active regulator circuits which up to one megahertz. However, with a pulse width
generate the grid B+ and B- voltages. This approach range of a decade or more, it is necessary to limit
yields extremely accurate regulation (4O.S% or better) the maximum PRF to a few hundred kilohertz to avoid
but has two drawbacks: a number of active components an excessively large and complex pulse transformer.
must be "floated" at the high-voltage potential, and Also note that, although a 50 nanosecond rise time is
any grid-voltage adjustment must be done at high readily achievable with this modulator, the maximum
voltage, pulse width is approximately 300 times the rise time,

or 15 microseconds; a wider pulse width will require
Since most applications do not require this de- a corresponding degradation in rise time.

gree of regulation (+2% is usually adequate), it is
possible to locate tile regulator circuit at low volt- The total component count in a modulator circuit
age in order to solve the problems stated above. This is of interest since it is representative of the vol-
method is illustrated in Figure 7. A DC input power ume and weight required. The table also indicates the
source is connected to a voltage regulator, whose out- number of components which must be located at high-
put is connected to a DC-to-AC switching power con- voltage potential, since these parts require special
verter. The converter drives a high-voltage isolation packaging techniques. Transient energy from arcs or
transformer, and the transformer's output signals are other high-voltage phenomena can cause damage to these
rectified and filtered to generate the grid "on" (B+). circuits, and in the case of the floating deck mod-
and "cutoff" (B-) voltages. ulator can also cause noise-susceptibility problems.

Although the floating deck modulator has a lower total
When a pulse-transformer-coupled modulator is component count than the other two types, this advan-

used, the modulator switch bias voltage (VIN on Fig- tage is generally negated by the high-voltage compo-
ure 3) is often generated by adding a low-voltage nent count.
secondary winding to the grid bias transformer. When
the grid B+ voltage is decreased, the pulse transfor- The three modulators have different input power
mer voltage swing is decreased by a corresponding requirements. Those power forms referenced to ground
amount; this results in less power dissipation in the are not a significant problem, because a typical radar
grid clamp circuit at low grid voltages, transmitter includes a large variety of low-voltage

power forms. The pulse-transformer-coupled modulatorThe values of the grid voltage bleeder resistors requires a significant amount of power from its trans-
(RI and R2 in Figure 7) depend upon the capacitance in former bias supply (VIN on Figure 3), but as discussed
the filter and upon the type of modulator used. A above, this source can be added to the grid bias power
floating deck modulator does not have a clamped-type supply. Power supplies referenced to a high-voltage
output and thus does not force current back into the potential are not difficult to design, but they do
bias supplies; in this case, RI and R2 are selected at increase the high-voltage component count. The
a nominal value to prevent peak-charging of the fil- floating deck modulator requires two such supplies

referenced to the GTWT grid and two referenced to the
grid cutoff (B-) voltage. These four supplies are
used by the output transistor drive circuits.

Power dissipation is one of the most notable dif-ferences between the three modulator types. We have
tabulated the dissipations for three typical PRF/duty
factor combinations. For comparison purposes, all

I atoll a. numbers include the losses in the grid bias (9+/B-)
U, Mog bleeder resistors. Most of the dissipation in the

Sl floating deck modulator consists of switching losses
in the output transistors; thus at higher PRFs the
dissipation is a nearly linear function of PRF. As
discussed above, the losses in the pulse-transformer-
coupled modulator increase very rapidly as the PRF

Figure 7. Grid Bias Power Supplies with and duty factor increase; dissipation is the primary
Regulator at Low Voltage limitation of this modulator type. For the RF-trans-
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Table 1. GTWT Modulator Comparisons

FLOATING DECK PULSE-TRANSFORMER RF-TRANSFORMER
PARAMETER COUPLED COUPLED

PRF (MAXIMUM) 1 MHIz 300 kHz* 2.5 MHz

IMINIMUMI 0.2 gS 0.514 0.34uS
PULSE WIDTH

(MAXIMUM) DC 300 X (RISE TIME) DC

RISE/FALL TIME 50 nS SO nS 20 nS

AT LV 14 87 85

COMPONENTS AT MV 65 17 25

TOTAL 79 104 110

POWER FORMS ATLV 1 2 3
(E>.CLUDES B+/S ")

ATHV 4 0 0

MPRF
(15 kHz.D0) 25W 140DW - 0W

DISSIPATION HPRF
(300 kHz, D - 0.5) 70W 210W 60W
EXTREME HPRF
(1 MHz, D = 0.5) 220 W 390 W 120 W

*1 MHz ATTAINABLE WITH SEVERE PULSE WIDTH LIMITATIONS

fonmer-coupled modulator, only the small amount of high PRF, due to its fast rise and fall times and low
dissipation in the edge circuits is PRF-dependent, high-PRF losses. For low-cost applications with a
which results in a relatively low power loss even at maximum PRF of one or two hundred kilohertz and a max-
high PRFs. imum duty factor of 0.50, the pulse-transformer-coupled

modulator is a good choice due to its relative simpli-

Conclusions city and low number of high-voltage components.

For general-purpose use in multimode radar sys- Acknowledgements
tems, the floating deck modulator appears to be the
best choice since it offers a wide PRF and pulse The authors wish to thank W. B. Hwang, 0. M. Kang,
width range with minimal component count and power T. K. Lee, and M. Rosenfeld for their assistance in
dissipation. The RF-transformer-coupled modulator is developing the modulator circuits described in this
better suited to applications requiring an extremely paper.
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A UNIVERSAL MODULATOR FOR GRIDDED TRAVELING WAVE TUBES

Albert W. Mimms
Space Microwave Laboratories, Inc., Santa Rosa, California

and

Shandas Meppalli
Electronics and Radar Development Establishment - Bangalore, INDIA

Summary The voltage isolation is provided by the

transformer. The optical coupling uses optical fiber
General considerations in the design philosophy to isolate electrically the low voltage circuit from

of a TWT grid modulator are outlined. The the high voltage deck, and the pulse processing is
superiority of Power MOSFET devices over bipolar done at the high voltage deck.
transistors in modulator switching applications has
been emphasized. A grid modulator that is capable of The block indicated as 'Modulator Control' in
switching the TWT grid from -600 volts to +600 volts the diagram consists of the pulse processing,
within a few nanoseconds is described. These interfacing, control and protection circuits of the
voltages are variable within the limits by simple modulator.
circuit adjustments. The unit is built to provide up
to 40 kilovolts isolation with respect to ground. Negative grid bias (B-) to keep the TWT at

cutoff during the interpulse interval, B+ supply for
The modulator is capable of switching the TWT driving the grid positive according to the pulse

with various pulse programs. Some of the special command, the switching elements and the sensors for
features like the soft start and fault processing control and monitoring circuits are housed in the
circuits are discussed. Test results are included to block "Grid Bias and Modulator". The output of this
indicate the universality of the modulator, is a pulse, as shown in the diagram. The PRF and

pulse width can vary in any format depending on the
Tntroduetion application. The modulator should be capable of

responding to these changes. The shape of the output
The traveling wave tube (TWT) is probably the pulse from the modulator also is a very important

most widely used microwave power amplifying device - aspect to be considered. The rise and fall times
be it for communication, electronic warfare or radar under loaded conditions have to be as short as
systems. The superiority of a TWT over any other possible - preferably a few nanoseconds - to ensure
class of tube in terms of bandwidth, duty cycle and operation of the system under various pulse programs.
gain makes it an ideal candidate for the latter two
applications. These applications call for generation The amplitude perturbations at the top of the
of high power RF pulses of varied repetition pulse are of great significance, especially in a
frequency, pulse widths and modulation programs. The Doppler radar system wherein information of phase on
control element to accomplish these pulse programs is a pulse to pulse basis is extracted for detecting
the grid in the TWT. Normally this electrode is used moving targets. This requires a highly stable
to switch the tube ON or OFF at will depending on the radiated signal from the transmitter. Stability
application. It is biased negative with respect to refers to only short term effects on a pulse-to-pulse
the cathode to keep the tube at cutoff, and is driven basis. Factors contributing to the instability of
to a pre-determined positive potential during the the transmitted signal, apart from the spectral
pulse period to make the tube conduct and amplify the impurity of the source itself, are mainly the
RF output. The subsystem needed to do this switching amplitude/phase modulation effects caused by the
- a universal modulator - is the topic of discussion ripples in the various power supplies of the TWT
of this paper. amplifier. The tube manufacturers provide the

information on the phase sensitivities of each
Geneval Conaldergtions electrode in terms of degrees/volt. The ripple

rejection specifications for each power supply should
The block diagram of the TWT power supply be calculated from these figures taking ln oaccount

arrangement for a system with a depressed collector the overall improvement factor needed. ', Even
is shown in fig. (1). The solenoid supply required though the body supply is of primary importance here,
for tubes with electromagnets is omitted from this the positive bias (B+) which decides the amplitude of
discussion. All the supplies are referenced to the the grid pulse is also of considerable significance.
cathode, and this makes it necessary for the grid Care should be taken to minimize instabilities in the
modulator and heater supplies to float at cathode B supply and provide a flat-top pulse output from
potential. The body supply is at the highest the modulator. This supply should have sufficient
potential. The transmitter trigger signal is at current capabilities to drive intercepting types of
ground level and normally in a TTL compatible pulse grids also.
format. This needs to be coupled to the high voltage
deck with sufficient isolation. Generally two Another important aspect to be considered is the
methods of pulse coupling are used - transformer interfacing of the modulator with the tube. The
coupling and optical coupling. Selecting a method of system design should take into account the probable
coupling is mainly dependent on the system faults in the power supply/modulator that can damage
considerations in that factors like the voltage the tube and also provide adequate protection to the
isolation needed, PRF, pulse width, amount of pulse modulator if arcing occurs within the tube. The
power to be coupled, pulse fidelity, and environment modulator has been considered as one of the weak
are based on the system parameters. In the links in terms of reliability in a radar or EW System
transformer coupling method the trigger pulse is by many system designers mainly because the failure
processed at the low voltage level itself and coupled of components within the modulator circuit disables
to the high voltage deck through the transformer, the transmitter. As this unit is at the cathode
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potential, any arcing in the tube could cause heavy requiring multiple pulse programs. MOSFET devices
current flow through the components in the modulator have been used in high speed switching circuits at
circuits. Many times the failure might have been due low voltage and current levels. Analog switches for
to this high current surge. Arrangements should be multiplexing, A/D converters and switch arrays are
made to divert such a transient current from the some of these applicatlons. But it is only during
sensitive elements in the modulator. The fault the last five years that MOSF T% became available for
protection arrangement should be very reliable but it use at higher power levela. ,  

Now Power MOSFETs
should not be so sensitive that it reduces the have become very popular with power supply designers
availability of the transmitter. Peak and average for use in high frequency switch regulators,
overcurrents, and an excessive duty cycle, are some inverters and converters. Some of the important
of the major faults that need instantaneous circuit features which make this device superior to bipolar
reaction to protect the system, transistors in grid modulator switching applications

are given below:
Basic Cnnfiturations

Switchint Time: Being a majority carrier semi-
Two commonly used grid modulator schemes are conductor device, MOSFETs do not have the minority

shown in fig. (2) and fig. (3). Both have two power carrier delay times associated with bipolar
supplies, B- and B+, referenced to the cathode for transistors. The switching time is mainly controlled
providing the cutoff bias and the 'pulse-up' by the input capacitance, C1 55 , between the gate and
voltages. The transmitter trigger pulse after the source of the FET. Th[ capacitance is in the
processing is given to the switch control circuit, range of 100 pf to 500 pf for the devices used in
In the grid modulator shown in fig. 2, the B- supply power switching applications. The switching time can
is connected to the grid of the TWT through the be approximated to the time constant C1ss x Rin where
resistor Ri. R2 is the short circuit current Rin is the effective source impedance. It is
limiting resistor in the grid-modulator path. During possible to reduce this further by circuit
the ON period of the pulse, switch Si is closed by techniques. When compared with a bipolar transistor
the control signal and the B+ supply is connected to of the same rating a Power MOSFET has an order of
the grid. As soon as the pulse is removed, Si magnitude faster switching time.
becomes open and RI pulIs the grid down to the B-
voltage level. Since a resistor is used to pull down Frecuencv of Operation: Power MOSFETs have much
the grid to the cutoff level this circuit is known as higher frequency operations capability than bipolar
a passive pull down circuit. The value of this transistors. Because the switching time is very
resistor is a compromise between the power short, the power dissipated in the FET during
dissipation and the pulse fall time. This scheme is switching is very low and this makes the FETs capable
simple and can be used reliably in many systems of switching at high frequencies. Pulse programs
requiring voltage swings up to 600 volts, such as burst mode, stagger and multiple PRFs are

easily achievable with Power MOSFETs as the switching
The active pull down scheme shown in fig. (3) devices.

utilizes one more switch, 52, which acts as a tail-
biter. As in the previous case, Si is closed during Driving Mechanism: One of the chief differences
the pulse period. During this period S2 is open. At between bipolar transistors and Power MOSFETs is in
the end of the pulse, Si is opened and S2 is closed the drive requirements. Bipolar transistors are
for a short duration, and the grid is pulled down to current operated devices and need a large base
B- level. Since RI is connected in parallel to S2, current to drive them into saturation. In the case
this pull down switch need not be closed for long of Power MOSFET a voltage is applied between the gate
duration. The resistor Ri is much greater than the and the source terminals to produce a current flow in
corresponding resistor that would be used in a the drain. As the gate is electrically isolated from
passive pull down circuit. This scheme is better the source by a layer of silicon oxide, there is very
than the previous one because the fall time of the little current flow into the gate. This makes the
pulse is reduced and very little power is dissipated drive circuits very simple. The gate-source
in the pull down device. But additional circuits are breakdown voltage of these FETs is about 20 volts and
needed to provide the timing and control for the the drive level should be kept below this.
switching devices.

Voltaee Capabilitv: Power MOSFETs are available
PowMr aJ9ET an th Zydt.JhiLDevicA today with a voltage capability of 600 voltas without

any deterioration in their advantageous features. It
The switches shown in fig. (2) and (3) are is easy to connect these devices in series for higher

active elements and should have the following voltage capability because of their simple driving
characteristics: requirements. This point is explained in detail

later.
a) fast switching;
b) high frequency operation; Reliability: The performance of a bipolar transistor
c) high voltage capability; is very much dependent on temperature. It is also
d) simple driving mechanim; susceptible to thermally induced breakdown. Power
e) very good reliability. MOSFETs are much superior under the same

environmental conditions. They have excellent gain
There are three main types of semiconductor and switching time stability with temperature

devices available today for switching applications - changes. The switching time, as explained earlier,
Thyristors, bipolar transistors and MOB Field Effect is dependent on the input capacitance - Cis - which
Transistors (MOSFET). Out of these, thyristors are is not affected by temperature variatlons. The
generally used for high current switching at fairly carrier mobility in a power MOSFET channel region
high voltages and do not find much use in TWT grid decreases with temperature. If localized heating
modulator applications because of their slow speed, occurs, the carrier mobility decreases which in turn
frequency limitations and commutation problems, reduces the localized current. This mechanism forces
Bipolar transistors have been in extensive use but overload currents to be uniformly distributed with
the circuits become very complex in many applications the MOSFET. When localized hot spots are formed in a
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bipolar transistor the effect is to reduce the level decided by the setting of the resistor R2. As
impedance and to funnel the collector current through the tube starts drawing current, the current
the small area and ultimately destroy the transistor, transformer (CT) provides a proportional pulse output

voltage to the sample and hold circuit. The output
Universal Modulator Of this circuit is fed to an error amplifier Al. The

error amplifier has a reference voltage that is
When faced with a problem of developing TWT adjustable by RI. The output of the error amplifier

modulators for radar and EW systems operating in is ramped up at a rate governed by the value of the
different frequency bands, we decided to examine the capacitor Cl. This ramp is applied to the summing
feasibility of combining the requirements and of amplifier A2 which has its output connected to the
designing a single unit with the capability of being regulator error amplifier. Steady state condition is
adapted with minor adjustments to many systems. The attained when the output of Al reaches the peak
modulator described here is the outcome of this value. The action of the two control loopa - one
design effort. The advantages of high frequency formed by the regulator and A2 and the other
power supplies, such as reduction in size and weight comprising Al, A2 and the regulator - ensures the
and synchronization with the PRF of the main system, change of B+ level from a nominal voltage to the
are made use of in the circuit. Important exact voltage at a pre-determined rate to avoid any
specifications of the modulator are listed below: beam surge currents during turn-on. It also acts as

a beam current regulator in that the B+ level is
B and B- supplies : each variable from 100 volts brought down when the beam current exceeds the value

to 600 volts for which Ri is adjusted. This decrease in the
positive grid voltage causes a corresponding

PRF : 1 kHz to 25 kHz (stagger mode reduction in the beam current.
also required)

It may be seen from the block diagram of the
Pulse Width : 100 nsec to 15 usec modulator that an active pull down arrangement is

used. The PRF trigger pulse is processed in the
Pulse Burst : 100 nsec 'ON' 100 nsec 'OFF' switch control circuit and coupled to the switching

(pulse width and PRF limited devices. Reliable protection circuits are used to
by duty cycle safeguard the tube and the modulator. Switcaes Si

and S2 are strings of Power MOSFETs connected in
Rise and Fall Time : less than 50 nsec series for the voltage swing required. RI and R2 are

the effective resistance across each switch. Fig.
Ripple on Pulse Top : less than 5 millivolts (6) shows the switching arrangement in more detail.

Q1-Q8 are Power MOSFET devices. 01 and Q2 are used
Voltage Isolation to drive the two switches formed by the Power MOSFET

to Ground : 40 kilovolts series configurations Q3-Q5 and Q6-Q8. Pulse
transformers Ti and T2 couple the drive pulse to each

The block diagram of the modulator is shown in FET and also provide the voltage isolation between
fig. (4). The prime power input is rectified and fed the low voltage deck and the high voltage deck.
to a high frequency switch regulator. The output of Resistors R7-R12 are used to ensure equal voltage
the switch regulator is fairly well regulated. This sharing by the FETs. The gate of each FET is
regulated DC is applied to the high frequency protected by Zener diodes. Transistor 01 is used as
i.verter. In the absence of a synchronizing pulse, the ON switch driver. This conducts for the duration
the switch regulator/inverter frequency is about 25 of the pulse width needed, providing the gate drive
kHz. This coulc be phase locked to the system PRF if to the ON switch, FETs Q3-05. The switch control
a synchronizing pulse derived from the PRF generator circuit provides a narrow pulse - Pulse 2 - to 02
is given to the power supply control circuit. The which is the driver for the pull down switch
inverter transformer TI has four secondary windings transistors Q6-0. The timing relationship of Pulse
for generating all Ghe voltages needed. This 1 and Pulse 2 is such that the trailing edge of Pulse
transformer also provides the voltage isolation. It 1 coincides with leading edge of Pulse 2. There is a
may be noted that the TWT heater supply is included delay adjustment in the switch control circuit to
in this unit. The advantages of integrating the TWT ensure proper timing of these two pulses.
heater supply into this are:

When both switches - Pull up and Pull down - are
a) elimination of bulky low frequency transformer; off, the B- supply is connected to the grid of the

TWT through the resistors RlO-R12 and the current
b) easier Implementation of heater supply with limiting resistor R13, ensuring the tube is at

minimum circuit elements; cutoff. RiO, Rl1 and R12 are equal in value but are
much smaller than the resistor chain on the pull up

c) reduction it. AM/PM noise in the TWT by having a switch R7-R9. When Pulse 1 is applied to Q1, the
regulated DC heater supply. pull up switch transistors are driven into saturation

by the coupled drive voltage and the B+ supply is
All the DC voltages are well regulated and the connected to the grid. At the end of Pulse 1,

outputs are adjustable. Low voltages needed for the transistor Q2 is turned on by Pulse 2 and the
protection circuits within the high voltage deck are transistors Q6-08 are driven into saturation. This
also provided by this power supply unit. The B- action pulls down the TWT grid to the B- supply level
supply is regulated by a simple Zener arrangement, quickly. The pull up switch is open at this time.
B+ supply is a critical circuit derived by using a At the end of Pulse 2, transistors Qi and Q2 are off
floating regulator arrangement with LM723 as the and the grid remains at the B- level. Reset windings
control element. Some additional features are are provided in the pulse coupling transformers T1
incorporated in this power supply; for example, the and T2 to avoid saturation of the core. All the MTs
soft start circuit shown in fig. (5). This circuit used in the circuit are protected by connecting
is used to ramp up the B+ slowly during the initial transient absorbing devices across them. This
turn-on sequence. When the modulator is switched on arrangement diverts the high transient energy during
after the warm-up delay, the B+ output will be at a arcing away from the FETs.
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ault Piot~etion and Monitor Circuits La.kaz.ng

The fault protection unit that includes the Circuits used in the modulator are divided into
control functions, protection circuits and monitoring small functional blocks and classified in two
facilities is designed taking into account all the categories - essential and optional. Based on the .
system aspects. For some of the faults occuring in system requirements the optional features could be
the transmitter, redundant protection circuits may be added or deleted. Some of the features categorized
required to ensure complete protection to the as optional are monitoring circuits and the beam
microwave tube and associated circuits. Monitoring current regulator. By doing this it is possible to
of important parameters is necessary to Identify any optimize the system for specific requirements.
malfunction quickly. It is convenient to include Packaging also varies to suit the system
many of these functions in the modulator unit since environment. For example, in one of the airborne
the control of the transmitter is easily accomplished applications, the modulator is housed in a leak proof
by this. aluminum container filled with flourinert liquid for

providing good voltage isolation. This unit occupies
Fault signals processed in the modulator unit a volume of less than 300 cubic inches and weighs

and the parameters monitored are listed below: approximately 15 pounds. This includes the weight of
the dielectric fluid and the container. Another

EAUl Nmont application needing a voltage isolation of only 20
kilovolts used an entirely different packaging.

High Beam Current Beam Current Flexibility in the engineering and packaging of this
modulator is considered to be an advantageous point.

Incorrect Grid Bias Grid Bias Voltages Photographs of these units are shown in fig. (8) and
(9).

High Heater Voltage Heater Voltage
Test Results

Low Heater Current Heater Current
The modulator described above has been tested

Excess Duty Cycle with various TWTs. The voltage swing levels and
pulse programs were different in each case. Pulse

With modern processing techniques in the widths ranging from 100 nanoseconds to 15
manufacture of the TWT, the probability of arcing in microseconds and PRFs varying from I kHz to 25 kHz
the tube is considerably reduced. But still arcing were used in the testing program. Test results are
takes place occasionally, especially after prolonged shown in the figures (1C) through (13).
use of the tube. So it is essential to safeguard the
tube and modulator against arcing. High voltage Conclusio
power supplies for the tube are designed to take care
of this situation, but to protect the modulator The modulator described in this paper has been
additional circuits are needed. Beam current output found to be useful in many systems in terms of
is one of the convenient sensing parameters to detect performance and reliability. Because of the
any abnormalities and this is done here as indicated modularity in the design approach circuit
earlier in fig. (5). The current transformer output, configuration could be modified easily depending on
apart from being used for the regulator control, is the system requirements. Superiority of Power NOSFET
also made use of in triggering fast acting protection devices over bipolar transistors in grid modulator
circuits. The output is compared with a pre-set switching applications has been established in this
reference in a comparator circuit. Whenever the design. Even though this modulator was tested for
comparator output changes its state due to the excess PRFs up to 25 kHz only, the design is good for much
beam currert, the modulator trigger is inhibited higher frequency capability. The power supply
instantaneou.ly and dr yes the tube to cutoff, arrangement for deriving the voltages needed for the

modulator and heater has the advantage of easy
All the signals for triggering the fault adjustments to suit individual traveling wave tubes'

protection circuits and the different voltages and requirements.
currents to be monitored are coupled from the high
voltage deck to low voltage deck via optical fibers. Raference s
A block diagram of the signjal conditioner circuit
used for this is shown in fig. (7). Inputs from the 1. T.A. Barley and G.J. East, Jr., "Power Supply
various fault/monitor signal sensors are fed to the ripple effects on a near carrier transmitted
amplifier. The amplified voltage output is converted spectrum". &TIS report number RE-75-11.
to a nominal frequency of 7 kHz in a voltage to
frequency converter circuit. This frequency will 2. M.I. Skolnik, "Radar Handbook", McGraw Hill Book
vary according to the changes in the input voltage. Company, New York.
The V/F converter output drives a light emitting
diode. The light pulses are coupled to the low 3. "HEXFET Data book, Power MOSFET Application and
voltage deck using optical fibers. At the low Product Data"; HDB-1; International Rectifier,
voltage deck the light pulses are converted back to 233 Kansas Street, El Segundo, California.
electrical pulses and, after amplification, are fed
to a frequency to voltage converter. This voltage 4. R. Severns; "The Power MOFET, A Breakthrough in
output is fed to the monitor circuit for indication Power Device Technology" Application Bulletin A
of the parameter to be monitored. The signal is also 033, Intersil, Inc., 10710 N. Tantan Avenue,
fed to a comparator circuit wherein it is compared Cupertino, California 95014.
with a pre-set reference. In the event of any fault,
the signal input to the comparator exceeds the
reference causing a change of state at the output.
This is latched in a logic circuit and the latched
output is used to activate the protection circuits.
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FIG. S. SOFT START CIRCUIT.
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FIG. 6. SIMPLIFIED SCHEMATIC OF MODULATOR 4
SWITCH ARRANGEMENT.

Fig. 9
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FIG. 7. SIGNAL CONDITIONER FOR FAULT
PROTECTION CIRCUITS.

FIG. 10. MODULATOR OUTPUT PULSE

Pulsewidth 15 sec.

PRF I KHZ

Voltage Swing 1200 Volts

Fig. 8

FIG. 11. LEADING ED3E CHARACTERISTICS
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FIG. 12. DETECTED R.F. OUTPUT FIG. 13. PULSE BURST MODULATION

Pulsewidth 100 nsec. on

100 nsec. off

Duty Cycle 1%
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750 KW POWER SYSTEM
FOR

A SOLID STATE PLLSED RF TRAN94ITTER

Charles A. Corson & Howard S. Ginsberg
Westinghouse Electric Corporation

altimore, Maryland

SIJMARY Each of the 10 power supplies are protected by an
individual 3 phase, 40 VAC circuit breaker. This

This paper describes a power and energy provides fault isolation so that the remaining 9 units
distribution and control system for the AN/SPS-40 stay on line. It also allows a defective unit to be
transmitter which is a pulsed high power solid state oepowered and replaced while the rest of the system
radar transmitter recently developed by Westinghouse continues to run. Each power supply contains its own
for the Navy. The solid state amplifier draws pulse self monitoring circuitry which reports to the
currents of over 19,000 amperes at over 750 KW from a transmitter system its status. An individual
40 VOC power supply system. The final stage Includes indicator for each power supply tells the operator
over 100 RF amplifier modules. The entire system is which unit may have failed.
regulated to better than 40 millivolts pulse to pulse
in order to achieve excellent RF phase and amplitude The RF Drive stage for the transmitter uses 12
stability even when variable pulse spacing is used. more of the same RF modules and is powered by an llth
This modular amplifier system offers graceful identical power supply. A 12th power supply Is
degradation or soft failure, and improved on-line electrically connected to the Drive stage and is
dependability, automatically powered up if the Driver power supply

should fail. This same unit can be used as a spare
for any of the 10 power supplies In the Final

DISTRIBUTION SYSTEM Amplifier cabinets.
The Final Aplifier stage of this transmitter

includes 112 identical 2.5 KU solid state RF amplifier CONTROL SYSTEM
modules whose outputs are combined to produce over
200 KU peak output power at IJF. The individual The output of the Final stage of the amplifier can
modules draw up to 180 amperes at 40 volts DC during be controlled from zero to full output oower in 5%
the RF pulse. Total requirements for the output stage steps. Each power supply accepts five different input
are 19,000 amperes peak at 40 VOC. The duty of the commands. The first command is an on/off command
60 microsecond RF pulses is 1.81, thereby requiring which tells the supply to go to zero or the commendea
13.5 KW average power. These large requirements are voltage. The other four commands are a digital code
accomplished by dividing the amplifier system down which tells the power supply what voltage to produce.
into smaller units. The Final Amplifier is contained Those four Iruts provide 16 possible voltages which
in two identical cabinets as depicted by the two right are equally spaced in about one volt increments from
cabinets in Figure 1. Each cabinet contains 56 RF 24 to 40 volts OC. By providing the same code to all
amplifier modules and 5 identical power supplies. 10 output power supplies, the entire 40 volt output
Each power supply can power 12 RF modules, however all system can be controlled from 40 volts om to
but one of the power supplies are only loaded with 11 24 volts OC. This corresponds to approximately 5%
amplifier modules. Because each power supply would steps of power reduction down to AM of output Dower.
have to deliver over 2000 ampere pulse currents, the Below this point, pairs of power supplies are
output filter c"citors are distributed into each RF commanded off-line pair by pair until the last pair
amplifier module close to the RF amplifier (one in each cabinet) is delivering about 5% of the
transistors. In this way each power supply only needs full transmitter power.
to deliver up to 40 amperes average current to
recharge the distributed filter capacitors. Each The digital power supply control also has another
module contains about 5000 microfarads which use in this transmitter. Because the Driver Amplifier
discharges two volts during each 60 microsecond does not require 40 volts DC to produce the required
pulse. the OC for each module Is wired back to drive level, its power supply is normally commanded to
the power supply and all modules are recharged in a Much lower output level. If one of the Drive
parallel. After recharge, all modules on any power amplifier modules should fail, an automatic control
supply have the same DC voltage, system senses the reduction in Drive power and

commands a higher voltage for the remaining elevenBy distributing the amplifier system in this way, modules to make up for the small power loss, and the
failures can be easily tolerated without shutting down Drive stage heals itself automatically. The failure
the transmitter. A single RF module failure has no information is detected and sent to the front panel
measurable impact on system performance and is display for operator corrective maintenance.
reported to the operator by the automatic built in
test features. A failure of a single power supply Figure 2 shows the Driver cabinet which contains
drops only 10% of the transmitter off line and the all the transmitter control circuits end displays.
system continues to run using the remaining 905 of the The circuit breakers can be seen across the top of the
amlfier. In the extreme case where an entire cabinet. The F modules can be seen in the bottom
cabinet my have to be shut down, the radar system can center with the two power supplies on the bottom
still operate with reduced performance using the other left. The Control and Mnitor Panel is Just below the
operational half of the transmitter, circuit breaker panel. It contains fault indicators

282

CHI 785-5/2/00000212500.75 1 19W2 IEEE



for all the power supplies and RF modules in the and this lowers the step size from the inverter. When
system as well as indicators for various cooling the error signal reaches zero all inverter drive
system degrdations. A meter displays auxiliary power pulses are stopped.
supply voltages and all key RF levels in the system.
Switches are provided to control the total transmitter The Power supply is protected against low drive

.. output Power as well as all intermediate RF stages. power and continuous output short circuits. It also
protects the load from overvoltage by shutting down if
an overvoltage is sensed. The power supply itself is

POWER S PPLY DESCRIPTION intrently protected against instantaneous load short
circuits. If the auxiliary drive dc voltage drops too

The power supply operates directly off of a low, all drive pulses are inhibited. This protects
standard three phase, 3 wire, 440 vAC L-L, 60 Hz power against weak drive to the inverter switch
line without the need for a heavy high power 60 HZ transistors. An overourrent and overvoltage latch
step down transformer. It does this by utilizing a inhibit can only be reset by momentarily removing the
flyback switch configuration which recharges the pulse AC nput to the power supply.
capacitors of the RF amplifiers in discrete steps
during the radar interpulse period. Recharge accuracy A circuit monitors the power supply output voltage
Is obtained by reducing the recharge step size as the and gives a positive indication to the transmitter if
power supply output voltage approaches the desired the output voltage is within a window around its
voltage as shown in Figure 3. commanded voltage. The reference voltage for the

window detector comes from the reference which was
Figure 4 shows a olock diagram of the power progremed by the 4 bit input command. The sensed

supoly. The three phase AC input voltage is full wave Input for the window detector is derived by peak
rectified and filtered with a single section LC detecting the Power supply output. A peak detector is
filter. The flyback switch drives the transformer used because it is the Peak load voltage that is of
primary of the inverter output transformer. The power interest and not the charging voltage.
train is completed with an output rectifier and output
capacitors. These output capacitors, which are A positive signal on the remote ON/OFF input
located in the power supply, are only a small portion activates an optical coupler which allows inverter
of the total load capacitance. drive pulses. The absence of this input signal keeps

An auxiliary bias transformer provides the power supply off. A high speed optical coupler is
stpoed-down AC voltage for an "inrush suppression" used for this since this line is also used to blank
circuit and for the "auxiliary power supply" the power supply during the radar RF pulse and
circuitry. The inrush suppression circuit includes an therefore must have a fast response. Optical couplets
SCR, a small control circuit, and a resistor which are used on the remote ON/OFF input and each of the
limits the inrush current to the LC filter when AC 4 bit voltage select inputs in order to eliminate
power is first aoolied to the power supply. This noise.
helps to protect the inout rectifier bridge and the
capacitors of the input LC filter. The SCR is gated FIgures 5 and 6 show front and rear views
on and maintained on *men the dc voltage on the LC respectively of the power supply. The unit is five
filter output exceeds a set threshold. The auxiliary inches wide, by eleven inches high, by eighteen inches
power supply circuitry orovides regulated dc voltages deep and weighs 37 pounds. The power supply features
for the Power supply control :ircuitry. It also blind plug-in connections with all Input and output
provides unregulated .,oitage which powers the driver connections located at the rear of the unit.
circuitry for the power switching transistors of the
flyback switch assemely. Cooling of the power supply is accomplished by

forced air convection with blowers located external to
The heart of the Power supply is the control the power supply. This air supply is monitored in the

circuitry, which provides the drive, regulation, cabinet for all power supplies. If the air supply
Protection and monitoring functions. The control oecomes deficient, a built in back up blower is
circuitry drives the inverter transformer on after automatically energized. Air enters the power supply
which the duration 3f the inverter transformer at the rear and exits at the front. A handle, located
secondary current is inversely proportional to the at the front of the power supply, is useful for
power supply outout voltage. Therefore the time inserting or withdrawing the power supply from its
between drive pulses is made a function of power mating cabinet.
supoly output voltage because the supply is
programmable over a 24 to 0 volt range.

When the inverter transistors are driven on, the
primary current in the inverter transformer rises and Solid state amplifiers operate at considerably
Is monitored by a current transformer. When the lower voltages than the traditional vacuum tube and
output from this current transfomer exceeds a cavity amplifiers and this has caused a new spectrum
reference, the drive pulses are terminated thus of requirements for high current technology
limiting the peak current In the inverter transistors development. more and more high power radar systems
under all conditions, are including solid state RF transmitter amplifiers.

This trend has developed due to increased availability
A four bit input commeand generates a programmed of reliable and affordable high power W transistors.

reference. A samlea/hold circuit is used to sense the The equipment that has been described demonstrates
power supply output voltage when no current is being that high power, low voltage DC can be distributed in
delivered to the output of the power supply, thereby an efficient and controlled marnner. Shipboard
avoiding the pulse output IR drops which would mask installation of this equipment Is planned during the
the true load voltage. The sample hold output is next year.

- ompara dto the Progre reference to create an
rror signal which is used to determine which of two AOKN0OWEGDOW

.Jrive pulse widths will be selected. As the error
approaches zero, the Primary current limit is reduced This work is being sponsored by Naval Mosearch Labs

under development Contract HOO01l4-6.C-2039.
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UNIVERSAL ELECTRON TUBE CONTROL GRID MODULATOR

Daniel G. Miler

westebss FkeUk CorlonrtmI
Sse Deelen Diviede

.O. Box 746, MS 49)4

Beldmere. Maryland 2123

Absrc mum putsewidth. Total rise plus delay measures 60 nanoseconds for an 800-
Electron tuba require different modulator drives depending on their de- volt swing. Cathode voltage isolation to 25 kV and pulse repetition rates to

sip and application. A shadow grid tube requires a low percentage of beum 100 kHz can be achieved.
voltage on the grid electrode to control beam current, but it must swing The above design is compatible with power hybrid Ing techniques,
positive with respect to cathode and will draw miliampe of current: while a and approximately s cubic inch e of volume is sufficient to tckage the

focus control electrode tube will require a much higher control voltage, entire modulator.

never go positive with respect to the cathode and draw much less than one
milliamp of current. In addition, the application mey require either pulse or
CW operation, or some combination of both. Some pulse applications re- Design Details

quire very short delays from input to output in both rise and fall and most The new design breaks down into three basic parts: the low voltage mod-
are critical as far as variations from one unit to the next. In the past, a new ulazor, whose function is to generate ON and OFF triggers required for all
modulator design would be tailored for each application. However. the fol- possible drive conditions: the high voltage modulatot, whose runction is to
lowing modulator design addresses all of the above problems and is truly a transform the ON and OFF triggers into the high voltage pulse required to
universal design. drive the tube grid; and the interconnecting transformers, which provide the

The following is an outline of the design capabilities of this universal voltage isolation required to flora the high voltage modulator at the cathode

modulator, voltage.

Hilli Vokle Section of Modulator
Pulsewidth: 0.2 s to CW
Pulse Swing: 800 volt& achieved, ISMO volts Figure I is the schematic diagram for the high voltage section of the mod-

believed possible divided between ulator. The circuit is push-pull using tw, high voltage N channel FETs. The

+be supplies a rbe uied ngate drive circuitry makes use of the pte-to-source capacitance to maintain
PRR: o and z the drive during the ON condition. An ON trigger applied to terminals I & 2
Isttation- 25 kV md 3 & 6 will charge this capacitance of the ON Switch QI and discharge it

Delay: 60 ns for both rise and fall through Q3 for the OFF switch Q2. When an OFF trigger is applied to

Size: Possible to be packaged into power terminals 7 & 8 and 3 & 4. this capacitance will be charged for the OFF
hybrid package switch Q2 and discharged through Q4 for the ON switch QI. The voltage ismaintained on this capacitance while the switch is ON by the blocking

Schematics and timing diagrams will be shown and discussed for the action of CRI and CR2. The value of the B + and B- supplies is limited
above design. only by the maximum voltage capability of the switch FETs.

Ref: Westinghouse Disclosure AA49-,O. Patent Application is The circuitry is protected from the tube arcs by thw spark gap and trans-
"'lng prepared by Wright Patterson Air Force Base zorbs shown on the schematic. Because of the more than adequate drive

capability of the modulator, the additional capacitince loading of this cir-
Daekgrs'ad cult presents no problem.

Designers have long been striving, especimly in ECM applications, to Except for the spark pp. everything shown can be packaged in a power
achieve a universal microwave power amplifier tube modulator. This modu- hybrid which greatly reduces the volume required.
lator should have the following characteristics:

" Minimal delay plus rise time for repeater operation Low Vele Section of Modulater

* Long pulse and CW capability to allow the jammer to employ noise Figure 2 shows the schematic diagram for the low voltage section of the
and various other jamming techniques modulator, including the isolation transformes. The low voltage circuitry

* Large voltage swing for modulating tubes employing focus anode makes maximum use of FET' in order to maximize speed and minimize

control delay. The 9062 one-shots are used because of their high speed and short
timing pulse caability. The following are the special design features of the

" Rasonale currein drive capability so that imercepting grid tubes, low voltage section.as well as shadow grid (nonintercepting) tubes, can be cotrolled a One-shots UIA and U2A in conjunction with transistors QI. Q3,
In the past, modulaor designs have been tailored to the electron tube and Q4 terminate the drive on Q3 apuroximately IO nanoseconds

they were to drive. Typically, gIrmter voltage swing capability resulted in after the input arrives to limit the bandwidth required for the pulse
slower ri and fall times and longer delays. Wide pulse capaity also re- tranfomer TI.
duced the rise and fall time. Minimum pulsewidths were limited by storage * Likewise, one-shots UIA and UIB. and U4A. in conjunction with
times of bipolar transistors. CW operation extended rise, fall. dy tasistors QE, Q7, and Q9 provide a simlar narrow pusewidth
'5355 into the ndamioecond P*. drive to QIO to limit the required bandwidth for pulse transformer

With the introduction of higher voltage Field Effect Transistors (FET), it '"2.
is now potable to bisild a modulator with very good rise plus delay chamc- * One-shots 1.2A and U23. in conjunction with and late UA. pro-
teristics if spata desig techniques re used. FET as make it pOsible to vide nddltio.'al ON trliger if the incoming pulsewldth is longer than
schieve very short pulswidths to CW became they have no storage time 60 miroseconds. Additional ON trigger pulses are generated every
and require very little power to maintain the ON condition. 60 eri.usiconds until the incomminS pulse is terminated.

w One-shots U3A and U38 provide a similar function for the OFF
trigger. If there is no input pulse within approximately 200 mlromec-

f'n dign prasented in this paper make u of FETs and special deigni onds, another OFF trigger will h tenerae.
techniques to provide minimum pubeiwldths of 0.2 mioseonds or u a Again. all the components used in the design are compatible with
with no limit on the maximum pulaewidth. CW operation is achieved with hybrid packatn, which greatly reduces the required volume.
the sone rise. fal. end delays during transitions as is achieved for the mini.
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Pulse Ti*fo"ere Signal (K) is generated by U4A one-shot from signal (B). the same as
These transformers are shown on the LV modulator schematic. The - U2A; however, the one-shot time is longer than U2A. Signal (K) is used to

enable the OFF drive circuitry so that when the input goes low, drive will beondaries will be floating at cathode potential in actual circuit. Because of applied to QIO through Q? when Q8 and Q9 are turned off. The drive pulse
the narrow pulsewidths. only two turns are required to keep the msagnetiz- will be terminated when signal (K) is rem by signal (D).
ins current to acceptable levels. This low number of turns improves leakage
inductance to give a wide bandwidth transformer capable of nanosecond Signal (N) is generated by one-shots 3A and U38. which act as an oscil-
rise times. This is required to minimize delay and rise times. lator to produce a pulse every 200 ps if no on trigger occurs within that

In addition, the small number of turns allows HV wire to be used for one period. The ON trigger is represented by signal (L).
winding to provide the insulation between primary and secondary. Signal (0) is the OR'd combination of (K) and (N) and, since there is no

input signal when the (N) portion is generated, a short OFF pulse drive will
The combination of all of the above allows the size of the described tram- reach Q 10 by way of Q6 and Q7.

formers to be very small.
In the high voltage circuitry shown in figure I, the ON trigger charges the

Detall Descrlptlo of Circuit Opesraro gate-to-source capacitance of QI to turn it ON through CRI, which blocks

rcuit for discharge through the transformer after the ON trigger terminates. It alsoThe timing diagr'am shown in figure 3 is for operation of the circi o turns on Q3. which discharges the ae-to-source cap-aciance of Q2 to turn
narrow and very wide pulses. The input pulse is shown on the top trace and it OFF.
all other traces are labeled by a letter which corresponds to the letters which
appear on figure 2. When the OFF trigger is generated, the operation reverses. The OFF trig-

ger charges the gate-to-source capacitance of Q2 to turn it ON through
For pulsewidths between 0.2 and 60 Ms, the input pulse is reproduced at CR2, which blocks discharge through the transformer after the OFF pulse

point (A) because input USA/2 remains low for any pulse within this range. terminates. The OFF trigger also turns on Q4. .hich discharges the gate-so-
One-shot U IA is triggered by the rising edge of the (A) signal and the output source capacitance of Q I and turns it OFF.
pulse (B) is produced with the device minimum pulsewidth. The propaga-
tion delay for the 9602 is less than 50 ns. One-shot U2A is triggered on the The spark gap and transzorbs shown in the HV modulator schematic are
trailing edge of UIA/6 output, and its output (E) then reproduces the input used to protect the modulator during electron tube arcs. Capacitors Cl and
pulse with a delay of about 150 ns. This output, driving Q3 and Q4, termi- C2 provide the peak currents required to charge the electron tube grid ca-
hates the drive to Q5 (F) which comes directly from 'he input, through QI, pacitance during the rapid rise and fall, and diodes CR3 and CR4 limit
with very little delay (less than 5 ns) and limits the maximum Q5 drive voltage transients which exceed B +.
pulsewidth to approximately i50 ns. For ON pulsewidths from 60,%s up to and including CW operation, the

Signal (C) is simply the input pulse delayed by the propagation of two following is a description of circuit operation.
AND gates, which is less than 25 ns. Signal (D), generated by one-shot Circuit operation is identical to that described above until one-shot U2A.
U I/B, which is triggered on the trailing edge of (C), is used to reset one- which is set at 60 As. times out [signal (E)l. This allows drive to reach Q5 (F)
shots U2A and U4A if the input pulse ends before the one-shot time is through QI when Q3 and Q4 are turned OFF At the same time. U2B trig-
complete.

TIMING DIAGRAM LV MODULATOR ,

INPUT PULSE

a 0,

D -- Lr-

M 200 SEC
N

, -. : _ -\_ _

Figre 3. Timing iga
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gers on this edge and completes a minimum one-shot timing cycle which Summary of New Desg Advantages
removes the input from USA/2 for the duration of this cycle. In general, the following is a summary of the design advantages which

make this a truly universal design.
When the input USA/2 returns at the end of the cycle, it will cause one. Pulsewidth from 0.2 ps to CW and large voltage swing capability

shot U IA to retrigger, which in turn retriggers U2A to terminate the drive to allowith dro be ue on ad arie olt e n CiQS [ipu F) ai.The time to complete this cycle is approximately 10allow the design to be used on a wide variety of pulse and CW
QS. igil ain. Te ttransmitters for both radar and ECM applications. Voltage swing
ns so that the retrigger pulses are the same width as the original, capability can be increased without redesign as higher voltage power

U4A one-shot time is set longer than U2A so if the input terminates while FETs become available.
another ON trigger is being generated, signal (K) is guaranteed to be low to * The selection of circuit components is compatible with power hybrid
allow generation of an OFF trigger. packaging and requires very little volume.

The high voltage modulator operation is identical to the prior descrip- * The delay times are very short and predictable, which is very impor-
tion. Multiple ON triggers will keep the gate of QI charged and the gate of tant for both radar and ECM applications, and the design itself is
Q2 discharged. simple and easy to build.
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PAST PULSED MAGNET SYSTEMS FOR PROTON AND ANTIPROTON INJECTION INTO THE CERN 400 GeV PROTON SYNCHROTRON 4

E. Prick, H. Kuhn, H. Mayer, V. RBdel, G.H. SchrSder, E. Vossenberg
CERN, Geneva, Switzerland 1P,

Summa momentum until the ring is filled and the acceleration
to 400 GeV/c can start. This scheme has been described

After transformation for its part time use as a in a previous report
3
).

po collider, the CERN 400 GeV accelerator (SPS) is
equipped with two new fast inflectors for protons and Apart from an antiproton inflector (MIA), these
antiprotons. modifications and improvements of the SPS required also

a new proton inflector (MKP) for two reasons:
The new proton inflector has been designed for in-

jection energies up to 26 GeV and can fill the SPS with - For pp operation, the injection momentum had to be
up to 5 proton batches for fixed target operation and raised from 10 GeV/c to 26 GeV/c, to avoid perturbing
with short proton bunches during collider operation. the short, high intensity proton bunches at transition.
It consists of 12 delay line type kicker magnets of
0.7 a length each with parallel plate matching capa- - For the injection of up to 5 bunches for fixed target
citors under vacuum. The magnets are powered in operation, a rise time of the magnetic field of less
parallel pairs by pulses with a kick rise time of 145 na than 175 ns was required which is about 4 times
a duration of up to 12 us and a current amplitude of shorter than that of the previous inflector.
2.4 kA. The pulses are generated in pulse forming net-
works charged to a voltage of 60 kV and discharged by This paper gives a general description of both
double cathode thyratrons. inflector systems. Thereafter, the magnet modules and

the pulse generators are discussed in more detail.
The antiproton inflector compris4es 3 independent Emphasis is put on the technical aspects, as the theo-

kicker systems which create a fast compeneated bump for retical problems have been treated in a previous
multiturn injection. The magnet modules are of the same paper

4
). Finally, the performance and the operational

design as the modules of the proton inflector. The experience will be discussed.
generators consist of cable pulse forming networks of
400 ns electrical length and 2.4 kA current amplitude, System Description
each discharged by its own thyratron. The jitter of the
timing is less than 5 nas over several weeks. The Proton Inflector

The design and the performances of both inflectors Performance requirements: The maximum required
as well as the operational experience will be presented injection angle is about 5 mrad, corresponding to a
and discussed. kick strength of 0.43 TIn at maximum injection momentum

(Table 1).
Introduction

Table 1
The CERN 400 GeV proton synchrotron (SPS) has been

transformed during a long shutdown in 1980/1981 for its Performance Requirements of Inflectors
part-time use as a proton-antiproton (pp) collider.
Antiprotons at a momentum of 3.5 GeV/c are produced in Inflector
a target by a high intensity proton beam which is Proton Antiproton
extracted from a pre-accelerator (CPS) at a momentum
of 26 GeV/c. The production efficiency is only about Maximum injection momentum (GeV/c) 26 26
10-6. Therefore, more than 104 3 pulses are accumu- Deflection angle (mrad) 5 1
lated in a small storage ring for about one day to
achieve sufficient intensity. Antiprotons are then pre- Kick strength (Tm) 0.43 0.087
accelerated to 26 GeV/c in the CPS and sent to the PS
in 3 short high intensity bunches, each of 5 ns Kick flat to duration (s) 1-12 0.2
duration, via a specially built transfer line. In the adjustable fix
SPS, which has already been filled with 3 bunches of Kick rise time (ns) 175 600
counter rotating protons, all 6 bunches are accelerated
to 270 GeV/c, the maximum energy which the SPS can Kick fall time (us) 1300 600
achieve in d.c. operation. The particles collide then Aperture (width x height, mm)
with a center of mass energy of 540 GeV at 6 inter-
action points of which 2 are equilled with sophisticated type S 100 x 61 -

detectors for physics experiments . The pp complex type 1. 140 x 54 140 x 54
has been brought into operation in 1981 and its per- Repetition rate 5 pulses, 2.4 s
formance is now being actively developed. Experiments
have been performed at a center of mass energy of 0.6 s

540 GeV using 2 p bunches and 1 3 bunch. Their res- part
pective intensities per bunch were 6.1010 and 17 . G r e c tk o 0 2 s
particles. The initial luminosity is about 10 co-2s

.  
Cas pressure in vacuum tank (Torr) 2.10

In addition to the transformation of the SPS into
a pp collider, an intensity improvement program is being The pulse duration is determined by the different
executed with the ai of incressinp the beam intensity injection requirements: for fixed target operation,
for fixed target operation

2
). This program foresees between 2 and 5 proton batches must be injected de-

to accelerate protons repeatedly in the CPS to 10 GeV/c pending on the required intensity. Two batch injection
and to place them successively around the circumference requires a pulse duration of 11.5 us which mast be re-
of the SPS, where they are circulating at injection duced to 4.2 us for the injection of 5 batches. The
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latter option determines the required rise time of the The inductance of the magnet modules is matched to

magnetic field, integrated along the path of the protons, the characteristic impedance of the system by parallel

to about 175 no. This latter parameter is called "kick plate capacitors inside the vacuum tank (delay line-type
rise time" in the following. For po operation 3 bunches construction), in order to achieve a good pulse res-

of 5 ns duration must be injected equidistantly around ponse with negligible reflections of the wave front.

the SPS circumference at an energy of 26 GeV. This is For similar reasons, a characteristic impedance of

done with pulses of about I us duration. 12.5 il has been chosen for the magnet modules, the
highest value which can be accomodated in the available

Main par amters: In view of the performance re- space. The transmission lines are composed of 4 coaxial

quireeents given above, the main parameters of the cables in parallel each with a characteristic impedance

system are chosen in the following way: of 50 Pl.

As for all other fast pulsed magnet systems at the The pulse generators are laped element pulse

SPS, the maximum voltage of the generators is limited to forming networks, equipped with three switches, in

60 kV. This level guarantees reliable operation of the order to produce pulses of adjustable duration and short

thyratron switches at pulse durations exceeding lols. fall time. For reasons of economy, two magnet modules

It allows furthermore the use of standard coaxial are connected in parallel to one generator whose cha-

cables type RC 220/U, connected in parallel, as trans- racteristic impedance is therefore 6.25 Q. The parallel

mission line between the generators, located in an au- configuration is acceptable because the contribution of

xiliary building on the surface and the magnets, housed the generator to the kick rise time is small.
60 we i derground in the accelerator tunnel.

The electrical block diagram of one system is shown

With aperture, voltage and strength of the me- in Fig. 1. Table 2 su-marizes the main parameters.

gentic field fixed, the system must be split into twelve
independent magnet modules in order to achieve the re- The Antiproton Tiflector

quired short kick rise time. Eight of the modules,
with an aperture (vertical x horizontal) of 61 mm x Injection principle: The antiprotons are injected
100 mm (type S), are used at the injection momenta of into the SPS through the channel which isnormally used
10 GeV/c as well as 26 GeV/c. Their kick rise time is for the extraction of protons in opposite direction at
145 ns. The remaining four modules which require for an energy of 400 GeV. Before entering the first pair
beam optical reasons an aperture of 54 mm x 140 m of kickers, (MIA 1,2, Fig. 2a), the antiprotons pass
(type L), are only required for injection at 26 GeV/c. an electrostatic septum (ES) which provides a region of
For standardization reasons, all modules have the same strong electrostatic field to deflect the incoming par-
magnetic length of 0.7 m. Because of the larger titles, adjacent to a region of vanishing field where
aperture ratio, the field rise time of the "L" modules the particles circulate after injection. The electro-
is 220 ne. static field is generated between an array of wires of

ouffl Puts. fom-ng C1,00te and MCIn 'ransmsson Magnet I ermnabeon

Jiih 10.0" lis Cw, Sdh aMn fone 1t 122 C&tJe 'e08,00,1

L L A. 13 A. rmLn 4Mr l,

I~- Cn
I N

Z b , :r N proton if

. .. ... .. magnet 2 Te.m.a. .on
L= ,fl 2 re~qt 2

Or Resonant, ---------- ----- - - -- (eIa!cu,
eh@rg, cft@,g

C.- 7.F 72 At

Via I -Electrical block diagram of proton inflector
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0.1 un thickness (the septum itself) at earth potential whose centers are roughly I bunch diameter plus the

and an h.c. electrode. For the injection of the first septum thickness apart, travel then to the first kicker

3P bunches which are equidistantly placed around the pair, one betatron wave length downstream from the

SPS circumference, only the first pair of kickers is second pair, where the oscillation is cancelled.

excited. A fifth 1-icker is necessary, when the wave length of
betatron oscillation is not equal to the distance

Table 2 between the two pairs of kickers.

Main Inflector Parameters Min parameters: The pulse duration of the p-
inflector can in principle be very short, as the anti-

Inflector proton bunch length is only 5 as. Nevertheless, a kick

Proton Antiproton flat top duration of about 200 ns has been chosen to

avoid deflection errors due to jitter or drift of the

Maximum generator voltage (kV) 60 60 anode delay time of the electronic switches. As protons
are injected prior to antiprotons, the kick rise and

Characteristic impedance (") fall times must be shorter than 600 as to avoid de-

generator 6.25 12.5 flecting the counter rotating protons. The injection

12.5 12.5 angle is about I mrad corresponding ro a kick strength
magnet 1of 0.086 m Tm at an energy of 26 GeV (Table 1).

Currant amlitude in generator (kA) 4.8 2.4
For standardization reasons, the design of the

Number of =Mgnt modules 12 5 magnet modules is the same as for the modules of the

Number of vacuum tanks 3 3 proton inflector. Each module has its own cable pulse
(m) 0.7 0.7 forming network with a characteristic impedance of

Magnetic length of odule 0.12.5 Q, charged to a maximum voltage of 60 kV and dis-

Kick rise time (2% - 98%) (ns) charged by a ceramic thyratron. The main parameters

type S 145 - are listed in Table 2.

type L 220 220 The Magnet Modules

Kick fall time (98% - 2%) (ns) 690 220 Electrical Circuit

System time jitter (nas) < 5 < 5
The electrical circuit of the magnet has been de-

Thyratron type (EEV) CXlI7IB CXII7lA signed by aeans of computer modeling in order to obtain
an optimum pulse response. Only circuits in which the
inductance of the one-turn conductor is subdivided into
3erveral sections which are connected to capacitors to

form a matched LC ladder network, give an acceptable
pulse response 4). The adopted circuit is composed of
22 cells. This is a compromise between the requirements
for pulse response and size of the capacitor plates.

Yoke configuration

a) For the yoke cross-section, a C-shape was chosen
with shims at the edges of the pole profile near the
open side of the gap, to improve the field quality in

-... . .radial direction (Fig. 3). The return conductor is
elect.~rode essentially inductance free and can be earthed at the

magnets input and output. Compared to a window-frame
i "magnet, the C-shaped cross-section allows therefore to

use coaxial feedthroughs with earthed outer corv.ctc s.
It avoids furthermore the risk of flash-over between

the conductors along the fet:ite surfaces.
S b~c. b.uncr

Construction

The high rate of current rise calls for a high
resistivity Ni-Zn ferrite as magnetic material, The

Fig. 2 - Injection of antiprotons (schematic) Philips type 8C11 has been chosen because of "ts high
saturation induction (B > 0.3 T at lO0e and 200 C) and

a) Layout its low coercitive force (Hc < 0.25 De). This material

b) Radial positionof bunches in the has furthermore excellent vacuum properties due to its

electrostatic septum low porosity (g > 5.1 g/c3). It is manufactured in
C-cores of overall dimensions 195 mm x 136 mm x 26 am.
Twenty-two of these bricks, interleaved with AIMgS3

To increase the particle intensity, it is fore- plates of about 40 cm x -" cm area, form the h.t. part
seen to inject antiprocons up to 3 times into the cm of the magnet module, with a length of about 0.7 m. On
longitudinal SPS position (radial stacking). This is each side of these capacitor plates, at a distance of
done in the following way: the second pair of kickers about 4 mm, similar AlM3 plates are mounted as earth
(VA 3,4) deflects a circulating antiproton bunch and electrodes of the matching capacitors.
brings it in a coherent betatron oscillation near to U
the zero field side of the septum. The timing of the The characteristic impedance of the system is de- '

next injection is then arranged such, that at the same termined by adjusting individually the distance between
mment a new bunch arrives through the injection channel the capacitor plates. A photograph of the magnet as-
at the septums high field side (Fig. 2b). Both bunches sambly is given in Fig. 4.
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Fig. 3 - Cross-section of the magnet module type S in its vacuum t.nk

The magnet is excited by a one-turn high voltage
conductor of 61 m height and 5 m width (type S), fixed
tightly into the ferrite gap and providing the inter-
connections between the h.t. capacitor plates (Fig. 3).
The earthed return conductor of 2,5-mm thickness is placed
in front of the open side of the C cores at a distance
of6.5mm from the ferrite. It is fixed to support-plates
which form the base of the earth electrodes of the ca-
pacitors. in case of bad steering, the proton beam can
hit the return conductor. To avoid damaging the magnet
module, the return conductor is made of beryllium, into
which, due to its low density, only a small amount of
beam energy can be deposited.

The Vacuum Tank

All magnet modules are housed in vacuum tanks of
omega cross-section. The 3 tanks of the proton inflecor
are each about 3.5 a long and contain 4 modules (Fig. 5),
whereas 2 modules are housed in each of the 2 shorter
tanks of the antiproton inflector. The modules are po-
sitioned and aligned in a comon frame which poses at
3 points on the base plate of the tank. The omega
shaped cover has the same diameter of 0.7 m for all tanks
and is equipped with flanges for alignement-supports and
connections to the adjacent vacuum chambers. An 8 m long
aluminium gasket of diamond cross-section provides the
vTr- tightness between base plate and cover.

29i3. 4 - Assembly of a magnet module
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Fig. 5 - Longitudinal section through the vacuum tank of the proton inflector, showing 4 modules in their frame,
terminating resistors and vacuum pumps

The tanks are made of electro-slag-refined stain- Terminating Resistor
less steel, type 304L. and despite their size have been
stress relieved at a temperature of 9600 C. The long The first and last capacitor plate of the magnet
tanks are equipped with 4 sputter ion pumps with a are connected via short matched striplines to coaxial
pumping speed of 360 E/s each. In addition. 4 titanium feedthroughs in the base plate of the vacuum tank.
sublimation pumps are used to shorten the pump down On the input side, a silicone insulated connector box
time. For the smaller tanks, half the number of pumps with 4 coaxial h.t. sockets receives the cable con-
provide about the same specific pumplng speed. To nectors of the transmission line from the pulse gene-
achieve the design pressure of 2.10- Torr, all metallic rator. On the output side, a coaxial matched resistor
surfaces (about 100 m

2 
per large tank) undergo a has a particularly low stray inductance and is designed

thorough chemical cleaning procedure. The ferrite to hold a voltage of 30 kV. It is built up of 10 Allen-
blocks are backed at 4000 C under vacuum prior to Bradley ceramic resistor discs, each 1 inch thick with
assembly. Fig. 6 shows the positioning of the modules 3 inches outer diameter and a central hole of 1.25
into the frame of a large tank. inches, mounted in a coaxial housing and insulated and

cooled with silicone fluid. The discs are interleaved
with flat metallic spirals which provide a good elec-
trical contact and permit an efficient flow of the
cooling liquid. A resistor of similar design has been
described previously5).

The Pulse Generators

The Proton Inflector

The requirements on the excitation pulse call for
a lumped element pulse forming network (PFN) discharged
by 3 switches: A "maid' switch initiates the discharge,
a "clipper" shortens the tail of the pulse and a "dump"
switch discharges any residual energy of the pulse
forming network. To achieve short rise and fall times,
stray inductances between switch and pulse forming
network must be minimised. Therefore, the switches are
mounted directly on top of the PIN (Fig. 7). To avoid
interference between them, all switchea are housed in
their own metallic tank (Fig. 8) and are branched
through separate coaxial "plug-in" connections to the
appropriate position of the PYN. This type of cons-
truction allows in addition a rapid exchange of switch
tanks in case of thyratron faults.

Fig. 4 - The 4 modules of the proton inflector
on the base plate of the vacuum tank
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Fig. 7 M ~echanical assembly of the pulse generator of the proton inflector
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The physical separation between the anodes of For reasons of short pulse rise time, also the

main and clipper switches introduces, however, an un- antiproton inf lector is equipped with resonant charging

wanted stray inductance which is suppressed by con- power supplies.
necting both anodes via a matched stripline. The 36
cells of the PFN are arranged in 2h rows. They are Performance 
composed of capacitors of 30 oF and solenoids of
1.17 UH, giving a characteristic impedance of 6.25 Q. Magmets
The capacitors of cylindrical shape have an insulating
outer case and are mounted over nine thenth's of their The kick of the magnetic field is measured at a

length into metallic pots which are fixed vertically voltage of 20 V by integrating the voltage difference

into the base plate of the PFN tank. Constructional between the first and last capacitor plate using a

details of the prototype generator have been reported trapezoidal pulse with rppropriate rise time. Comple-

praviously
3 ). mentary measurements are made with a matched stripline

probe. The probe measurements are then repeated at

The switches are three-stage ceramic deuterium high voltage. Fig. 10 shows the kick rise time of a
filled thyratrons with 2 cathode assemblies, type EEV proton inflector module (type S) at a generator

CX1171B. Double ended thyratrons are required because voltage of 60 kV; Fig. 11 gives the kick signal of the
of the large product of flat top current and pulse inflector derived from low voltage measurements.
duration (4.8 kA x 12 us) which cannot be handled by
single ended tubes. The non-uniformity of the magnetic field across

the horizontal plane is determined in computer simu-
Two pulse generators are charged in parallel by lations and checked with s.c. probe measurements. Apart

one resonant charging power supply5
)
. The resonant from a small region near the return conductor which

charging allows to operate the thyratrons at a higher cannot be occupied by the beam, the non-uniformity is
gas pressure. This measure decreases their plasma negligibly small.
formation time and hence the rise time of the current
pulse. It reduces furthermore the risk of quenching
and prolongs therefore the lifetime.

The Antiproton Inflector

The short excitation pulse is generated in a cable
pulse forming network of 40 m length, composed of
4 coaxial cables in parallel, each with a characteristic
impedance of 50 0. This FN is discharged through
a three stage ceramic thyratron, type EEV CXll17A. The
cable, manufactured by Felten & Guilleaume, Cologne,
has an ourar diameter of 46 asm, an ionization inception
voltage above 45 kVN S and an attenuation at 30 MHz of
ldB/100 m. Its solid inner copper conductor is fitted
with a semi-conducting layer, over which the low den-
sity polyethylene insulation is extruded in one passage.
A thin layer of brushed graphite is applied to the
outer polyethylene surface, to improve the voltage
holding. Two aluminium foils, one mounted axially, the
other wrapped tangentially, form together with a tinned
copper braid the outer conductor. Due to its compa-
rably high impedance and its braided outer conductor, Fig. 10 - Kick rise time of the proton inflector
the cable has a bending radius of only 0.7 a which (module S) measured at a generator voltage
facilitates handling and installation, of 60 kV

The coaxial cable connector, designed for a with-
stand voltage of 60 kV, is a constructional element of
particular interest. The connector socket on the -

tank has an epoxy insulator with a conical aperture,
into which the cable plug is fitted under high axial
pressure. To avoid breakdom via air gaps along the
mating surfaces between socket and cable plug, a soft
polurethane layer is moulded onto the conically ma-
chined polyethylene insulation of the cable (Pig. 9).
The same design is used for the smaller RG 220/U con-
nectors. More than 600 of these connectors are in use
in the SPS and their operational reliability is excellent.

_ _ _Fig. 11 - Kick signal of antiproton inflector,
derived from low voltage probe me&-
suroments

Fig. 9 - Cable plug with polyurethane layer
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The electrodes of the h.t. capacitors with. a total
area of 15 al per module under an electrical stress of
up to 75 kV/cm, are conditinned with d.c. rather than
pulsed voltage. Because of the large electrode area

V and the correspondingly large predischarge current at
high voltages, the current is programed to raise li--
nearly, until a spark occurs or a present voltage of
35 kV, corresponding to a stress of 85 kV/cm, is
reached. After each conditioning spark the current am-
plitude restarts at zero. Compared to a constant con-
ditioning current, a raising current results in a nore
regular increase in voltage holding. This conditioning
method has been found imuch faster and more efficient
than the usually applied conditioning with a pulsed
voltage.

Although tests on a full scale prototype module
had shown excellent voltage holding at stresses up to
120 kV/cm, the withstand voltage of the final modules
was initially insufficient due to magnesium oxide par-
ticles which stuck loosely to the AlMS3 electrode
surface and were not removable with chemical cleaning
methods. On the prototype plates which came from a Fig. 13 - The 6 pulse generators of the proton
different deliver batch, these particles had not been inflector system installed in the
found. Etching away a layer of 20 um thickness from the auxiliary building
electrode surface in anaqueous solution of caustic soda
cured this problem. Though the etchingincreased the
surface roughness, all modules could be reliably con- Operational Experience

ditioned at voltages exceeding 35 kM.
Both injection systems are in operation since

Pulse Generators June 1981 and work as anticipated. rhanks to the thorough
life testing of all components prior to instaLation,

The flat top ripple of the long pulse of the proton the operational reliability of the complex system,
inflector is minimised to less than + 1 by adjusting containing 23 ceramic thyratrons, 250 a of h.t. elec-
at low voltage the inductances of the solenoids while trodes and 26 racks of eleccronics,is excellent.

the pulse foraming network is discharged with a mercury
wetted relay. Prior to installation each pulse ge- The inflectors are remotely controlled from the SPS
erator is tested at design voltage wi th 105 pulses. control room via several sets of computer programs,

typical oscillogram of the current in the termination written in the interactive language NODAL. One group

jsistor is shown in Fig. 12. Because of the large of programs sets directly parameters of the inflectors,
product of current amplitude and pulse duration, it is e.g. it turns on the mains, sets the charging voltage or
important that the main thyratron operates at a high the trigger instant and surveys the status of more than

reservoir voltage to avoid short current interruptions 50 interlocks. It gives alarms in case of faults.
in the pulse flat top (quenching). Other programs are written for a higher operation level,

e.g. the operator chooses the type of injection required
and the computer selects then the settings of the in-
flector system.

The oscillograms of the kicker signals can be dis-
played via BIOMATION transie t recorders on the TV screens
of the control room, together with signals of the beam
current. This information is very useful for the de-
tection of injection timing errors. A remotely con-
trolled signal switching matrix connected to every
transient recorder, allows to select 2 out of 16 signals
for simultaneous display. The optimum BICKATION dis-

play settings of each signal are stored in the computer

together with the name of the signal and loaded into
the transient recorder, when a specific signal is se-
lected. This procedure ensures always a correct display
of signals with differe- t amplitudes, durations and
trigger instants and fa "litates substantially the

operation of transient recorders. Fig. 14 shows a TV
display of the standard two-batch injection scheme.

Fig. 12 - Current pulse of the proton inflector
measured on the termination resistor

- Fig. 13 shows the 6 pulse generators of the proton
actor installed in their auxiliary building.
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Fig. 14. - Two batch injection into the SPS
upper trace: magnetic field pulse of in-

flector
lower trace: proton beam intensity.

a) injection of the 1st batch; half of the
circumference is filled; 3 turns are dis-
played; (the delay of about 23 tis between
the signals of inflector and boom current
meter is due to the time of flight between
both elements).

b) injection of the 2nd batch 1.2 s later.
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H.5 FAST KICKER MAGNET PULSER*

W. Frey, S. Ghoahroy and J.G. Cottinghasm

Brookhaven National Laboratory
Associated Universities, Inc.

Upton, Now York 11973

Summy we will reduce the terminating resistance to zero.
In this mismatched mode, the current delivered by the

The fast extraction kicker magnet for the AGS is PFN to the inductor is limited only by its character-

powered by a novel pulse generator. A pulse forming istic impedance. Therefore, for a PIN voltage of 30
network (PFF1) is discharged into nearly 100 Percent kV, a PIN characteristic impedance 10 I will deliver
mismatched load. The pulser delivers a current pulse 3000 A into an inductor load. The PFN voltage will

of 3000 amperes peak pulse with a 2 percent flat-top be approximately 30 kV so air can be used as an in-
ripple into a 1.4 y H single turn ferrite core mag- sulator for the PFN, and the PIN can be mwved down

net. The pulse is 2.8 Usec wide with a 180 nsec rise into the ring next to the magnet. Since the switch

time, at a 0.5 to 1.5 pps repetition rate. The pulse and PFN can be mounted very close to the magnet, this

rise time is required to provide clean extraction of configuration will have the least mount of stray
the 28 GeV proton beam by bringing the kicker magnet inductance. The mismatched PFN will have a faster

field up to 1.25 kG within the 220 neec space between rise time than a matched line (see Appendix A).

proton bunches in the machine. Figure 2 is a simplified schematic diagram of the
mismatched pulsar.

The pulser is mounted adjacent to the kicker
magnet in the AGS ring. The thyratron's chalecter- Design

istics are not affected by the ionizing rdiation
environment during operation of the AGS (Alternating Figure 3 is a simplified schematic of the MS

Gradient Synchrotron). pulser. The network impedance of 9.7 Q was selected
to ensure a nominal 3000 A pulse with less than 30 kV

Introduction on the network. The network is a Guillemin E type
with a 0.005 uF speed up capacitor at the input. The

The fast extraction magnet for the AGS is a first section of the network is 1/2 delay section to
single-turn ferrite core magnet. The magnet must aid in trimmin, the rise-time. Resistors are oaral-
reach a field strength of 1.25 kG within the 220 nsec leled with the inductors to fin- tune the top of the

space between proton bunches in the machine. The pulse.

pulser that drives the kicker magnet will have to
have the following pulse parameters: The PFN was designed usine the standard design

equations to de aemine network capacisance and in-

a. 3000 A peak pulse current ductance, (cn = Ta- - 0.144 o
r 

and L, . 13.6

b. 2.8 usec pulse width MN). Since the magnet inductance is part of the
c. 16O nsec rise-time (102 to 97%) solenoid inductance, the solenoid inductance is re-
d. 2% flat top ripple duced to l2PH. Low-level testing indicated that a
e. 0.5 to 1.5 pulses per second minimums of 10 sections would be needed to get the

flat-top ripple down to 22. Thus, a 12 section sol-
The inductance of the kicker magnet is 1.4 UfN. As- enoid with 1 uh/section and 0.011 0/section was
suming 0.2 itH stray lead inductance, the pulser will selected.
have to drive a load inductor of 1.6 PH with dc re-
sistance less than 1 milliohm. The minimum voltage The front end of the network was tailored to
step required to get the manet current up to 3000 A provide the maximum current rise-time through the
in 160 nsec is: magnet. The speed-up capacitor of 0.005 0l is a

compromise between discharge current and rise time.
V - L 30 kV

A 1/2 time section was used to follow the speed-

A standard matched load pulser with the same up capacitor to control the shape of the front of the

characteristic impedance would require a PIN voltage pulse. Damping resistors in parallel with the in-
of 60 kM. ductors were used to get the ripple down to 22 after

the inductances ware adjusted.

Figure 1 is a simplified schematic diagram of a
typical kicker magnet pulser. The pulser of this The mismatched PFN will charge to -1002 VpF"
design will have to be mounted outside the ring since unless an inverse diode and a line terminal resistor
ionizing radiation levels in the ring will degrade is used at the open nd of the line. With the in-
the dielectric properties of most dielectric fluids verse circuit the capacitors can be rated for 50t
used as insulation, voltage reversal instead of 1002 voltage reversal.

The inverse diode also limits the inverse voltage on
However, since the magnet is a current device, the main switch tube at the end of the current pulse.

the maxiuma current transfer from the PIN to the load The inverse diode is connected as shown to prevent
inductance will occur when either the terminating inverse current flowing through the manet. Tetrode

-4"sistor or the network impedance is reduced to zero. thyratrons, CX1154, are used as the min switch and
hoe vs cannot reduce the network impedance to zero the inverse diode.

406ork performed under the auspices of the U.S. Due to space limitation, (the kicker is in a 3-
Department of Energy. foot straight section in the H superperiod of the AGS
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ring), the PIP had to fold back oan itself. Figure 4
is a photo of the prototype unit, and figure 5 is a Z' - L - (L'/C')

1 2

photo of the kicker mounted in the ring. 1

Performance 1' - . .2 N

The prototype pulser has been in operation for
several months. Figure 6 is typical current pulse
and Pig. 7 shows the pulse rise tiem. Figure 8 il- For the conditions of L - L. I' and VPFN VFN
luetrates the voltage across the magnet referenced to then
the current pulse. Figures 9 and 10 illustrate the
voltage across the switch tube referenced to the Z--7 Zn
pulse current.

The prototype unit received an estimated total (L/C')
II "  

(L/C)
1 /2 

but L -L'
radiation dose of 10

9 rads during operation at an
estimated rate of 105 cad/hr. There was no noticable
degradation of thyratron performance during opera- L . L
tion. The prototype used pulse capacitors with a
mineral oil wetting agent. The capacitors failed a
a result of radiation exposure. Radiation causes the .C' - 4C
mineral oil to change its physical and electrical
properties. The capacitors failed mechanically be-
fore electrical failure. Radiation causes gases to
be liberated from the oil and this eventually burst ?4aasurements on several low imiedance (about 10
the phenolic case. Reconstituted mica pulse capaci- to 15 ohms) indicate that the misatchad line will
tore are being evaluated to determine whether there have a slightly faster rise than a atched line ofis any radiation effects on capacitor performance. 2LZ the characteristic impedance. The mismatch linerise time was 0.8 the rise time of a matched line of

1/2 the impedance.
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z
"

PF'N VPFN
Appendix 1 E n i + ' .

Comparison of Mismatched and Matched PFN R L
-ischarge Characters CE

The artificial transmission line (PFN) can be UP
represented by a ladder of T equivalent section of t
equal characteristic impedance. The rise time of EXTERNAL R ICING MOUNTED
the network Is determined by the lst section EQUIPMENT EQUIPMENT
elements in the discharge

ga -2 A + I

Figure 1 - Typical Kicker Magnet Pulser

C I

A. Mismatched Line

PFN to
fD --- ) hjKICKER.

L 1 L. C MAGNET
T IT T i

g. Terminated Line figure - Mismatched Pulser
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Figure 3 -Prototype ff5 Kicker Magnet Pulser, Simplified Schietic

Figure 4, Prototype HS Puleer Figure 5 Pulsor Mounted on U5 Kicker Magnet in LOS Ring
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I I I,

Figure 6 - Magnet Current Pulse; 3000A Peak, 500 Figure 7 - Magnet Current Rise Time; 3000A Peak, 100
nsec/cd nsec/cm

Figure 8 - Upper Trace - Magnet Current Figure. pper Trae - Mget Current

Lower Trace Voltage Across HS Magnet Lower Trace - Voltage Across che SvitchTime Base - P sec/cm Tube

rime Base - 2 usec/cm

Figure 10 - Upper Trace - Magnet Current
Lower Trace - Voltage Across the Switch
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DESIGN OF A FAST-RISE SLOW-FALL MAGNET MODULATOR*

R.F. Lambiase

Brookhaven National Laboratory
Associated Universities, Inc.

Upton, New York 11973

Brookhaven National Laboratory is now in the
process of expanding the capability of the AGS to
Include the acceleration of polarized protons.' One
of the requirements to accomplish this is to pulse LOAD

twelve quadrupole magnets to rapidly cross depolariz- 6jsH
ing resonances (see Figure 1). aving crossed the
resonance, the field in the magnet must be maintained
so as not to re-cross the resonance. H.V

CAP.
-- ' "- -HV

.25MF

a, TIME

-L.V

(TU8E ARC DROP) L.V

(a) (b) CAP

6F
Fig. 1 - a) Normal resonance crossing

b) Rapid intrinsic resonance crossing Fig. 2 - Capacttive slow-fall circuit
by pulsing the vertical betatron
frequency. These dr,.,hacks are overcome hy using an induct-

or as current source in the low voltage circuit. The
The parameters of the AGS require a magnet cur- simplified schematic of Figure I is used to demon-

rent pulse with a 2 us rise (dictated by the maximum strate the operation of this circuit for one apl-
permissible depolarization) and a 3 %a fall (deter- tude of a single polarity. The cycle starts by
mined by the rate of momentum change during accelera- charging Cl to +200 volts. SCRI discharges Cl in L.
tion). Right of these pulses will he required during W4hen Ll is fully charged, SCR2 switches in C2 which
the acceleration of the protons. The first of these has previously charged to -500 volts. This turns
pulses will have & peak amplitude of +140 amps. Each SCRI off. As current continues to be dr..jn from CZ,
suceeding pulse will be progressively larger and the voltage on V2's cathode dr,)ps rapidly. The cur-
opposite in polarity of the proceeding pulse, until rent levels are programmed such that 4hen the voltage
the eighth pulse is generated with a -2,250 amps at this point reaches -750 volts, the current in the
peak. inductor is at the desired peak current. Then VI is

fired discharging C4 in the load. When C is at 4ero
The problem is addressed with two mirror-image volts (peak current) V2 is fired. Just prior to

circuits, one to produce positive pulses, and the firing, there is 750 volts across V2, which ts suf-
other negative. Each of these circuits are further ficient for reliahle firing. When this tuba turns
divided into two sections, one to cause the rapid on, the resulting voltage stop shuts oft SCK2, and 1.1
rise, and the other to maintain the slow fall. taintains the current in the load. The C2-R2 com-

bination balances any initial imbalance bewteen the
The rapid rise is accomplished by discharging a load current and the current in Ll. The key wave-

0.25 uF capacitor into the 7 UH, though approximately form are shown in Figure 4.
17 kV is required to reach the maximum currents. One
approach to the slow fall is to crowbar the high There are two very important design considers-
voltage capacitor with a large low voltage capacitor. tions to be mentioned here. First, the inductance of
This circuit is shown in Figure 2. The capacitor to that portion of the circuit that is not carrying cur-
ring with a quarter wavelength of three milliseconds rent at the time V2 is switched, must be kept low.
would have a value of 0.6?, and would ideally be Since 17 kV is used to cause a 2 us rise to full
charged to exactly cqmpensate for the arc drop of the current in a 6 jR load, It is clear that the V2 cLr-
thyratron switch tube. Since the 0.6F is such a cult with only 750 volts available must have low
large storage element as compared to the 7 uN load, inductance in order to build up to full current in a
voltage eimatches between the thyratron arc drop and small fraction of that 2 me. A coaxial configurationC voltage on the capacitor of les than one-half is being used to ainimize the inductance in the V2

will result in unacceptable load current eart- circuit.
as. In addition, the thyratron should be switch-
at a time where the anode voltage is less than 100 -Work performed under the auspices of the U.S.

volts. It will not operate at this level. Department of Energy.
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SUPPLY H

+ V, SUPPLY

+* LV

CIRCUIT

Fig. 5 -Original high voltAge switching

BIPOLAR
H.V. SUPPLY

LOAD

-LV

CIRCUIT l

Fig. 6, Alternate high voltage switching

A microcomputer will be used to control all References
twelve systems. Typical functions include d.c. power 1. K.M. Terwilliger, D.C. Crabb, A.D. Krisch, M.
supply settings, timing pulses, and mode controls. Fujisaki, J.A. Bywater, R.J. Lart, L.G. Ratner,
The microcomputer will monitor system performance, E.D. Courant, A. Feltman, R. Lembiase, Y.Y. Lee,
and detect equipment. malfunctions. tn addition, the 1.0. Ruth and L.W. Smith. Acceleration of
microcomputer provides an interf ace to the larger polarized protons in the Brookhaven AGS; 1ET.E

computer system that integra'~es all the components In Trans. on Mucl. Sci., NS-28, Mo. 3, June 1981.

th AS.2. R. Nenown, B. %ewton and R.F. Lambiase. A high
power, triple grid thyratron and its test cir-

Conclusion cuit; submitted to the 1982 Fifteenth Power
M-s of aa auxiliary inductor is proposed as Modulator Symposium, Baltimore, Maryland, June

an effective ethod of producing a slow current fall 14-16, 1982.
40 in a fast rise magnet modulator. The current source
4 perstion of the inductor results in stable operation

of the supply as parameters in the high voltage
switch devices vary.
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INITIAL PERFORMANCE PARAMETERS ON FXR*

B. Kulke, T. Innes, R. Xihara, R. Scarpetti

Lawrence Livermore National Laboratory
P.O. Box 808, Livermore, California 94550

Summary voltage contributions. Similarly, a hollow anode
stem threads through two voltage modules. The

Construction of the new flash x-ray induction tungsten mesh anode is backed by an adjustable
LINAC (FXR) at Lawrence Livermore National Laboratory collimator (typically, 40 mm ID) which selects the
has been completed. Initial tuning of the machine central, 4 kA portion of the 10 - 20 kA, emitted beam
has produced stable current pulses in excess of 2 kA for further acceleration.
at the design energy of 20 MeV, with an 80 ns FWHM
pulse width, producing single-pulse radiation doses Beam confinement over the 34 m long beam tunnel
near 500 Roentgen at one meter from the target. The is through a near-continuous array of solenoids that
electronic spot size on the bremsstrahlung target is are positioned both internal and external to the
estimated at 3 - 5 mm. In this paper we will discuss accelerating elements. Beam transport from the last
the basic FXR design; running-in and tuning of the accelerating cavity to the bremsstrahlung target is
machine; emittance measurements; beam stability; achieved with discrete solenoid lenses. The target
switch gap synchronization; and measurements of the consists of a rotatable array of 0.75 mm thick, tung-
radiation dose and angular distribution. sten platelets. When focused to its nominal 6 mm spot

size, the electron beam will visibility damage the
Introduction target in a single pulse. CAIAC-based electronics

provide computer-assisted monitoring and control of
The FXR machine is a high-current, linear-induc- ti, XR machine parameters, as well as rapid analysis

tion, electron accelerator for flash radiography that of performance data.
was designed and built at the Lawrence Livermore
National Laboratory. This facility has been commis- Beam Transport and Emittance
sioned by the U.S. Department of Energy in March 1982,
and is currently in its running-in phase. The nominal The beam envelope was modeled using the TRANSPORT
beam parameters are 20 MeV, 4 kA, 60 ns FWHM, for an code, assuming a shielded cathode, a nominal 40 mm,
x-ray dose of 500 - 1,000 Roentgen at I m. For tuning injected beam diameter and a 65 mr-cm emittance, based
purposes, the machine can be pulsed at 1/3 Hz. The on measurements reported earlier.2 In tuning the
machine design and some test results from component machine, we followed the progress of the beam from
subsystems have been reported previously;1-4 in readings on the Resistive Beam Monitors (RBM's) that
this paper, we will present primarily the overall measure the total beam current and transverse position
test results that led to acceptance and commissioning of the beam centroid after each block of four cavi-
of the machine. ties. Beginning with a complete set of focus coil

settings derived from TRANSPORT code runs, we observed
A view along the beam line is shown in Fig. 1, the effect of small changes in field strength of the

seen from the injector end. Acceleration takes place group of solenoids immedlately preceding each RBM.
through 48 elements that are each driven to 400 kV for In maximizing the beam transmission, we generally
a 90 ns FWHM pulse. Each element contains a 10 ohm, gave prefcrence to good pulse shape rather than to
water-insulated, Blumlein pulse forming line that perfect centering of the beam, as indicated by the
energizes a 45 mm wide accelerating gap in the 146 mm RBM. The beam position can be adjusted through
dia. beam tunnel. Each gap in turn forms part of a 1 steering coils that are positioned after every four
m diameter, evacuated, stainless steel cavity that cavities; in general, we tried to minimize the
contains sufficient ferrite to prevent premature external steering.
shorting of the applied voltage pulse along the
cavity walls. A built-in focusing solenoid is Fig. 2 shows an axial B field profile that opti-
capable of generating up to 2 kG on axis. Both the mized the transmission for a 2.5 kA injected beam,
ferrite discs and the symmetrically placed, coaxial and Fig. 3 gives the corresponding TRANSPORT model of
feed terminals are housed in an oil-filled chamber the beam envelope. For reference, the Brillouin field
that is separated from the evacuated part of the profile is also shown for 2 cm and 4 cm diameter
cavity through an epoxy diaphragm. Symetrical, 40 beams. The initial beam diameter is nominally 4 cm.
ohm columns of recirculated copper sulfate solution Clearly, the empirical tune produced focusing fields
act as ballast loads. The Blumleins are resonant- far in excess of the 4 cm Brillouin tune, resulting
charged in groups of four from 12 Marx banks which in in much smaller average beam diameters and strong
turn are energized from bipolar, +35 kV DC power scalloping of the beam. Note that the range shown
supplies. The Blumleins are switshed through coaxial, represents the field ripple which has been minimized
midplane spark gaps that are pressurized to 55 psi for the first 12 accelerator cavities through special
with recirculating SF6 gas. Synchronization is solenoid design but is allowed to increase thereafter.
derived through calibrated cable lengths from two As shown in Fig. 2, the measured transmission is
master switch gaps that trigger the Marx banks and better than 90 percent through most of the machine,
the Blumlein switches, respectively, although more beam is lost beyond the last accelerator

cavity. Higher-current injected beams (3.5 kA)
The Injector uses six accelerator elements acting appeared to be more difficult to tune for maximum

in tandem as a 1.5 MeY voltage source driving a planar transmission, and for this reason we initially concen-
diode. The 90 mm diameter, foil spiral Cathode is trated on developing tunes for a 2.5 kA beam.
supported by a 2.5 m long hollow steel stem that
threads through four 250 kV gaps and so sums their

f Work performed under the auspices of the U.S. Department of Energy by the Lawrence Livermore National
.aboratory under contract numwber W-7405-ENG-48.
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Typical signals from the RBMs for a well-centered that in turn tend to increasa the beam displacement,
beam are shown in Fig. 4 for two positions along the finally leading to complete loss of the beam to the
beam line, i.e., near the injector and 24 m down- walls. Using swept-frequency and field-mapping
stream, just ahead of cavity No. 37. The four signals techniques we have measured fo and the unloaded Q
shown correspond to the four quadrants of the RBM; factor for the five lowest BBU modes that can be
when the beam wanders off center, the signals become excited in an FXR accelerating cavity (Table 11).
unequal and the beam centroid displacement can then Termination of the feedline and ballast load ports
be calculated approximately a 1 V - V reduces Q somewhat; the TM110 mode had Q0 - 33 in the

a V +-V_ loaded condition, compared to Qo a 50 before. All
Sr the observed modes can be damped much more, to values

where V+ and V_ represent the sum and difference of of QL < 7, by placing a modest amount of ferrite load-
opposite quadrant signals, respectively.5  For a well ing (modified common mode chokes) on the feedline and
centered beam, the current amplitude repeated within ballast load terminals inside the cavity, although
5 - 10 percent from shot to shot; with the beam off- this modification has not yet been implemented on the
center, repeatability was degraded rapidly. Beam machine. 7 As seen from the typical signal traces
steering with 200 - 300 Gauss-cm of transverse shown in Fig. 4, the beam appeared to be stable at
magnetic field was applied primarily within the first the Z. - 2.5 kA level. A probe signals taken after
two blocks of 16 accelerator cavities, as marked by the last cavity did show some ringing but at a
asterisks in Fig. 2. The beam was kept nominally frequency (160 MHz) that did not correspond to any
centered within a few millimeters, wherever possible. BBU mode. However, the need for strong focusing in
In certain locations, however, the beam pulse shape order to ensure good beam transmission (Fig. 2), may
began to be degraded when steering fields were have been due to incipient beam instabilities that
applied, and in those cases we simply tuned for were reduced by the magnetic focusing field.
maximum transmission.

Table If. Measured resonant frequencies and unloaded
Emittance measurements have been reported earlier Q's for the five lowest TMl,m,o modes in the FXR

(Refs. 2, 3) where we used a I mm thick brass plate, cavity.
perforated with I mm diameter holes, as a shadow mask
and measured the expansion and the lateral divergence TM Mode fo MHz QQ
of the resulting beamlets. The same apparatus was
used again to characterize the beam after acceleration 110 261 50
through 16 gaps. For measuring the emittance after 120 420 10
acceleration through all 48 gaps, we changed the shadow 130 650 13
mask to a 15 mm thick brass plate with 2 mm diameter 140 860 24
holes. The results are summarized in Table I. Note 150 1050 <7
that there is some variation in injector voltage and _ _ _ _
beam current which may have had some effect on the
emittance. The measured emittance is uniformly higher Switch Gap Synchronization
than the value obtained by scaling inversely with the
beam energy, corresponding to a normalized emittance Our computer-based data acquisition system pro-
growth of about 3 percent per cavity. vides real-time recording and display of firing

delays for all spark-gap switches that control the
timing of the accelerating voltage pulses. This

Table I. Measured emittance at three points in the enables us both to assess the machine performance
FXR beam line. after each shot and to accumulate statistics over

multishot samples. Table III gives jitter data for a
At After After 20-shot sample taken on the first block of 4 cavities,

Emittance Measured Injector Gap #16 Gap #48 following the injector. Spark gap JlO is an interme-
diate switch triggering the four Blumlein switches

Shot No. #1336 #778 #1121 11, 12, 13, and 14 which in turn energize individual
cavities. The 1.5 ns jitter is acceptable in the

Injector diode voltage 1.5 MV 1.3 MV 1.3 MV context of our 90 ns accelerating pulse length,
although we expect to reduce it to o <1 ns through

Calculated beam energy 1.5 MeV 7.1 MeV 19.8 MeV further optimization.

Beam current 3.4 kA 2.3 kA 2.1 kA
Table I1. 4-cavity group firing delays, 20 shot

Approx. beam diameter 7.0 cm 4.0 cm 8.0 cm sample.
at shadow mask

Measured emittance 65 mr-cm 24 mr-cm 17 mr-cm Switch Gap Standard Deviation, a, ns

Scaled emittance 65 mr-cm 17 mr-cm 6.4 mr-cm J10 1.5

3ll 1.4
Beam Stability J12 1.4

J13 1.2
Transverse beam oscillations of the beam breakup J14 1.5

(BBU) variety have long been recognized as a limita-
tion to successful beam transport in very long or
high-current linear accelerators, including FXR.6 A more difficult problem is the equalization of J"W%.
A beam propagating slightly off-center through an average firing delays between different switch gaps I
accelerating cavity may excite microwave resonances which is necessary for the correct stepping of the
with transversely directed magnetic field components voltage pulses along the beam line. For examle, for
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the first group of 16 cavities following the injector distribution yields a total effective beam width of
we find the intermediate gaps deviating by up to 4 ns 11.3 degrees, FWHM. The observed x-ray oeam width,
from their nominal 8 ns spacing, on the average, as derived from TLD readings (Shot #2415, 460 R at 1

m, on axis), is shown in Fig. 5. i.e., 8.3 degrees
Such deviations in effect add to the energy FWHM in the vertical plane and 9.5 degrees FWH@ in

spread near the beginning and near the end of the the horizontal plane, in reasonable agreement with
accelerated bem pulse. the calculated estimate.

Radiation Dose and Spot Size Further radiation measurements were taken with the
beam directed at the 0.75 n thick tungsten platelets

The nominal design goal for FXR was to produce a that form part of the rotatable, permanent target
single-shot dose of 500 Roentgen at a distance of I m assembly. Because of machine problems at the time
from the bremsstrahlung target, with an electronic the charge deposited on target was less than before
spot size of 3 - 6 mm. Using an array of thermolumi- and the observed dose was only 180 R at 1 m. Some
nescent detectors (TLDs) we measured a dose of 480 R target platelets are shown in Fig. 6; the arrangement
at 1 m, (Shot #2416) by letting a 1.6 kA beam impinge shown corresponds roughly to the target wheel. A
on a temporary target consisting of two 0.5 mm single beam pulse struck the gap between two platelets
tungsten discs sandwiched together. The nominal beam grazing both and leaving visible burn marks; the holes
energy for this shot was 18 MeV. From the width of punched through the other two platelets probably are
the burn mark that was left on the aluminum flange each due to more than one beam pulse. The ;ize of
supporting the tungsten discs we inferred an elec- the witness marks appears to be compatible with an
tronic spot size of approximately 5 eW. Combining electronic spot size on the order of 3-6 mm.
this with the measured emittance of 17 mr-cm and
assuming a uniform distribution of electron angles Conclusion
yields a mean electron angle of 2.6 degrees. The
effective thickness of the tungsten target was 1.9 Preliminary measurements (over 3,000 pulses) on
g/cm2. Using available measured curves for the FXR have produced satisfactory single-pulse x-ray
angular distribution of bremsstrahlung from 15 MeY, doses of up to 480 R at 1 m, although the machine has
paraxial electrons impinging on a 4.5 g/cm2 tungsten not yet been run at the full design current of 4 kA.
target one finds a FWHM beam width of 10 degrees.8  The measured emittance for a 20 MeV, 2 kA beam is less
Assuming this same number to hold for our beam, and than 20 mr-cm, yielding a narrow radiation cone while
performing a geometric addition of the mean electron maintaining a small spot size.
angle and the half-beam width of the bremsstrahlung

lklem trwmmad

2.0 1.0 1.0k . 0.9 .75

1.5-

- 1.0-

0.-Bar (2,=-n dim)_0.5
3(4 cm d iaW

0 6 10 15 20 25 3

Axial distance, m
Figure 1. View along the FXR beamline, seen
from high-energy end.

Figure 2. Calculated B profile of actual tune
used, showing the rangezbetween maxima and minima
of the rippling field. Also shown are the
Brlllouin field profiles for a 2 cm and a 4 cm
dia beam, and the measured transmission of the
2.5 kA beam. Injector voltage is 1.3 MeV,
accelerating potential 354 kV/gap, final beam
energy 18.3 MeV. The asterisks mark locations
where 200-300 gauss-cm of transverse beam steering
was applied.

309

I . , , . ... ... i lilmm ~ il ... ... ...



25

20

(a) (b)

5-

0 5 10 15 20 25 30 35 200
Axial distam.m

Figure 3. Calculated beam envelope (TRANSPORT __0__-4_ -2_'_____4
code), based on the calculated B Profile from the % - - o 2 4 6
actual tune. Beam parameters, sime as in Fig. 2;
the emittance at injection was assumed to be 65 Coneangle, Idi

mr-cm.

Figure 5. Beam current and measured radiation
pattern for Shot #2415. Traces (a) and (b) show
the four quadrant signals for the beam current

( ul 4~ p I~ lqll g lmonitor immediately preceding the target, withmm20 ns, 450 A/div. The radiation pattern was
estimated from a flve-TLD agray mounted on axis.

.4Wl l The average beam width is 9 FWHM.

(a) (b)

Figure 6. Damage to tungsten target platelets.
(c) (d) shown approximately as mounted on the FXR rotatabletarget array. The larger holes were probably made

by more than one pulse.

Figure 4. Beam monitor signals for a well-centered
beam, at two different positions along the beamline.
Figures (a) and (b) show the four quadrant signals
preceding the first accelerator cavity (2.45 kA
peak, 1.3 1eV). Figures (c) and (d) show similar
signals 24 m downstream, preceding cavity No. 37
(2.25 kA peak, 14. MeV). The time scale Is 20 ns/div.
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VARIABLE FEQUENCY INVERTIRS FOR HT SUPPLY FOR PULSED RADAR TRANISKITTZRS

J McCafferty
Marconi Radar Systems Ltd

and

N S Nicholls
Royal Signals and Radar Establishment

Sumary efficiency is likely to be helpful in the achievement

of small size coupled with high reliability.

Radar transmitters employing gridded-gun micro-
wave tubes require a voltage-stabilised UT supply It is often found that the best form of HT supply
system capable of supplying a relatively large pulsed system for this type of transmitter is to use a DC link
current load. Conventionally, the supply is provided inverter arrangement. By using an inverter operating
by a transistor inverter operating at a few tens of at a frequency considerably above that of the prime
kHz, followed by a transformer, rectifiers and a power source advantages may be gained in two areas.
relatively large reservoir capacitor. Voltage stabili- The size of the HT transformer may be significantly
sation may be implemented by on/off control of the reduced. Also, if the inverter frequency is much
inverter. higher than the prf, no HT smoothing is needed apart

from the reservoir capacitor required to supply the
One problem which must be addressed in the design current pulses drawn by the load. At the same time,

of such systems is the close to short-circuit load compensation for the effect on the UT voltage of load
condition experienced by the inverter during the early current and supply voltage variations may be affected
stages of charging of the reservoir capacitor or when more rapidly. However, too high a frequency may give
the HT transformer core is inadvertently saturated. rise to various problems with inversion and rectifi-
In the scheme described, the inverter transistor peak cation and also with transformer design. A frequency
and average current may be kept constant under all above the audible range is usually preferred.
conditions by the use of a series inductor in the AC
part of the circuit, whose reactance is varied by When using inverter designs where complete half-
varying the inverter frequency. cycles must be generated, the resulting "quantum" of

HT voltage will typically be a few tenths of a percent.
Advantages of the scheme described are that cape- Since pulse-pulse voltage fluctuations of this magni-

citor charging time is minimized, short-circuit tude are seldom admissible, it is usually necessary in
protection is inherent, and a very high accuracy of such cases to add a further analogue type voltage
voltage control may be achieved by raising the inverter stabiliser in the UT circuit, with consequent increase
frequency as the desired capacitor voltage is of component count and power loss. If the inverter
approached. Within cycle turn off may be used. A transistors could be tuned off at any point in the
substantially reduced component count is thus achieved cycle, voltage control would be improved, but current
at the expense of a more severe transistor turn-off would still continue to flow for a short time due to
condition, but one which is within the capability of the ineitable inductance of the AC circuit. This will
available FIT's. lead to a voltage overshoot dependent on the current

flowing at the instant of shot-off and also affected to
1. Introduction a lesser extent by the instantaneous voltage of the

incoming DC supply. For cases where this still leads
A growing proportion of medium powered pulsed to unacceptable pulse to pulse voltage fluctuation,

radar transmitters employ gridded-gun linear-beam further improvement of the voltage contfol performance
microweave amplifier tubes. Apart from the added free- would be possible without any significant increase in
dom which this gives to microwave tube designers, component count if it were feasible to reduce the peak
other obvious advantages are flexibility in pulse inverter current as the target voltage is approached,
duration and timing and good within-pulse phase- This will be discussed later in the paper.
stability, the latter due to the within-pulse voltage
stability made possible by the use of a large reservoir For the case which will be considered hare as an
capacitor on the DC UT supply. example, prime power is 200 V AC 3 phase 400 Hz and in

accordance with usual practice this is rectified
The HT supply system for such a transmitter must directly without the use of a 400 H transformer.

generate a high DC voltage with an absolute DC voltage Whilst dispensing with a large component, this dictates
accuracy of (typically) t 0.52 en a pulse-to-pulse the DC supply voltage to the inverter and also means
tolerance of 1 in 104 or better is often needed. This that neither side of the supply is grounded. Inverter
must be achieved for average load currents fluctuating designs must therefore be compatible with these
between zero and maximum rating and for supply voltage requirements.
fluctuations of typically t 10 or more. It must
tolerate unforeseen load short-circuits without risk Any inverter control scheme designed to maintain a
of damage and met achieve the specified HT voltage constant HT voltage without precise advance knowledge
with a minimm of delay both at switch-on and after a of the time of arrival of the next pulse must lead to
temporary load short circuit, intermittent operation of the inverter. After each

transmitter pulse, the inverter will need to operate at
Small size end high reliability aee usually prime full available power until the resetvoir capacitor vol-f

requirements. To achieve a high predicted reliability tage is restored to a state of readiness, after which 9
under NIL STD 217C rules It is necessary to use only it will typically remain inoperative until the next
correctly rated qualified components and also to transmitter pulse occurs. Changes in pulse duration
achieve a low component count. High efficiency and will only affect the duration of each buret of inverter
low cost are not usually prime requirements, but high operation.
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Because sufficiently fast semi-conductor 2. The Characteristics of the Inductive Output
inverting devices have restricted voltage-withstand Inverter Loaded by a Rectifier with Capacitor
capabilities and are very vulnerable to over-voltages, Input Filter
simple capacitors are the preferred method of fil-
tering the DC supply at inverter frequency. 2.1. The Waveforms
Preferably, no significant filtering at input recti-
fier ripple frequency is provided. In this way no To understand the waveforms it is convenient to
large inductors are involved which could lead to analyse the operation of a full-bridge. The equivalent
serious voltage surges being generated on the input DC is shown in fig 2. In this, the UT transformer has
supply as a result of the intermittent current demand
of the inverter, while the form factor of the AC line
current is better than would be obtained when using a
large input reservoir capacitor.

Although other inverter circuits are possible,
we will confine ourselves to those circuits where the
transistor voltage does not exceed the DC supply vol- 9
tage. The basic circuit having this property is the I

bridge inverter with reverse diodes across theIX
transistors (fig 1).22

Fig 2. Inductive inverter

been eliminated by referring the secondary circuit
values to the primary in the usual way. We will
suppose that the base-drive to the VET's is controlled

0 -
1 2 in such a way that when the magnitude of the peak load

L current (irrespective of direction) reaches a pre-

gT scribed level, the transistors which are on are turned
off and the other ones are turned on. The transistor

Li current rises at a rate (E - V)L (neglecting transis-
tor and transformer resistance, which are relatively
mIll) and the diode current falls at a rate (E + V)/L.
Since, to a good approximation, the voltages are con-
stant during each half cycle, the current-waveform

Fig 1. Bridge inverter are built up from triangles, as shown. The frequency
of operation is determined by the circuit conditions

The box marked X in fig 1 Is a reactance network and will vary with load and supply voltages. Fig 3

part of which is parasitic (the leakage inductance of shows the resulting waveforms both with zero output

augmented to limit the current or at least the rate of put voltage (referred to the primary of the liT traIns-

rise of current, at switch-on or when a load-fault former) is about 802 of the supply voltage. In both

occurs. When using bipolar transistors, a popular cases the transistor turn-off threshold is fixed at the

practice is to use for X a series-resonant LC circuit same level. The following points may be noted:-

tuned to the inverter fundamental frequency (which 2.1.1. For a fied peak current, the rectified DC out-
mist therefore be approximately constant). This
causes the switch current to be of the forn of half- put current is constant (at half the peak current)

sine waves, so that the current is small at the time irrespective of the voltage on the reservoir capacitor

of switch opening, thus avoiding the risk of second or the supply voltage.

breakdown problems. The large build-up of voltage in
the resonant circuit which would occur under short- 2.1.2. The average current in each transistor rises

circuit conditions, with associated very large switch witoutput voltage, from one eighth of the peak

current, is prevented by the fitting of clamping current on short circuit to approaching one quarter of

diodes. the peak current at the maximum output voltage. The DC
supply current is then approaching one half of the peak

When using MOSETS as the inverter switches, transistor current.

there are no turn-off problam provided that the 2.1.3. The inverter frequency drops as the load
transistors are turned off rapidly, even if the devices vo -Tge rises. An output voltage equal to the supply
are simaltaneously subjected to axim

I
m voltage end

malemm current. This makes it possible to employ a volatge ould give oer e frequency. The imdm ratio
simple inductor for X. Then the inverter frequency output voltage/supply voltage which can be alloed is
may be allowed to vary in order to control the current, restricted by the ratio of highest to lowest frequency

Also, the Inverter may be switched-off at any point in which can be accepted. Switching losses in the tran-

the cycle. In what follows it is shown that these sistors and rectifier are possible factors limsting

attributes my be used to make unnecessary an addi- this.

tional series stabiliser for most applications, while 2.1.4. In any limb of the bridge, transistor current
at the se time achieving a true constant current is always immediately preceded by diode current. Thus
characteristic for the inverter. This makes the

S"weter inherently safe in the presence of load shor- the transistors are always turned on at sere voltage.
d :cuits or f the UT transformer cre saturates, and Turn-off, howver, alays occurs at mami crcuet,

&nve* the desired rapid charging of the IT reservoir and minm transistor velt a Rce this truit iS
capacitor from start-up, without added components. only economical for use with nos.rrs, where there is no

problem with second breakdon1.
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rig 3. idealized waveforms of inductive inverter

2.1.5. .. the drive to the tran istors waer removed The average current in each diode
;=*c;r ent IL flowing, there would still be a sig-
nificant further charge delivered to the load reser- I 1(1 - )/8
voir due to the diode current, which is sustained by
the energy stored in the circuit inductance. The RMS current in each transistor

2.2. Overall Characteristics - z/ -K

Neglecting resistance, the overall characteristics The average output DC current
of the inverter may readily be expressed in terms of
the following parameters.- - 1/2

1 is peak transistor current The average supply current
L is the total AC circuit inductance
3 is the DC supply voltage - K/2
V is the output DC voltage
K is the ratio E/V The frequency of operation with V 0,

Then if t 1 and t2 are the durations of transistor and fo - 1/4L
diode conductiont-

The operating frequency
LIM - V) f - fo(I - K 2 )

t 2  ALZ/ + V) An Important chartateriatic is the charge per cycle

passing through each diode, because this charge will be
Whhece passed on to the reservoir capacitor after all the

transistors have been turned off, if the latter occurs
t ( A 1 + K)ICI - K) when the current is at its peak value. It will there- I L

fore determine the .a. m voltage err*r which can
The average current In each transistor occur on the recharged output reservoir capacitor. -

- ?Cl * K)/8
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The diode charge per cycle turn-off of the other to guarantee against overlap.

- Ir - qo/(l + K) If such provisions were daned inadequate in a
particular case, the inductor could be split into four
inductors, each part being placed directly in series

where with each transistor-diode combination (fig 5). Than

qo - LI2/2E

is the diode charge during short-circuit operation.

The dependence of various quantities on K for
this idealized model is shown in fig 4. -

06 /"Fig 5. Inverter with split inductors

I the rate rise of current could not be very high in any

0.4 - circumstances, and brief conduction overlaps between
I the transistors viii therefore produce very little

-change of current. However, to ensure good matching of
- - -durations of the two half-periods during normal opera-

0- tion, the inductance values for each diagonal pair
would have to be accurately matched at all values of
current.

3. The Performance of a Typical Design

. O The idealized analysis of section 2 is sigifi-
0.3 cantly modified when a realistic value for the MOSFET

on-resistance is inserted.

_W_ The following figures for a typical design for a
01 full bridge (4 transistors) are based on a more

ov accurate analysis:-

SMin. instantaneous supply voltage 220 v
0 Referred load voltage 180 V

Peak transistor current 20 A
Transistor resistance (each device) 0.3 a
Minimum frequency 20 k z

K( LOAD VOtL / SUPPLY OLTh) Maximum frequency (V - 0) 73 kz

Fig 4. Overall characteristics of idealized Circuit inductance 37 PH
Inverter power output (continuous operation) 1.9 kW

inductive inverter Transistor loss (4 devices, 20 kHz) too V

Inverter efficiency 952
2.3. Prorction Against Corruption of the Base Drive

y Interference The maximum output voltage quantum, with I millifared
referred reservoir capacitance, is about 1 part in 104

If the transistor drive-circuits operate incor- with the current limit set at 20 A. If the current
rectly in such a way as to cause even brief conduction limit were reduced to say 7 A, whenever the output HT
of both pairs of switches simultaneously, then an voltage approaches within 1 part in 104 of its target
abnormally large current will flow through the tran- value, the maximum voltage quantum volid be reduced to
sistors which could lead to deterioration. A similar 1 part in 105 at the expense of an additional delay not
risk would exist if a transistor were turned on again exceeding 20 us in the reservoir recharging tinme between
very soon after it had turned off. Then the diode each pulse. Much further improvement in voltage
between it and the opposite supply rail would be in accuracy is likely to be prevented by noise in the wide-
heav conduction and would be able to pass a large band voltage comparator required to control the inverter,
reverse current for a short time due to stored carriers, unless the terminal charging rate is further reduced, so
The sensitive wide-band voltage comparator which is as to reduce the bandwidth required, which would involve
needed in the HT voltage-control system would tend to further extension of the complete recharging cycle.
be vulnerable to interference, so that there is a risk
that this situation will arise unless precautions are 4. Conclusions
taken.

We have seen bow a bridge converter circuit in
f ' method of tackling this problem is by the which the only significant impedance is an inductor in

i, -n of a time block in the drive circuits to series with the AC output has particularly useful
p5K ,the interval between change-overs falling below characteristics for U? supply in pulsed radar tran-
a pre-deteruined minimum. Also the turn-on of each sitters using gridded-gun microwave tubes.
transistor should be delayed a mall mount after the
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By arranging that transistor switching is con-
trolled by the instantaneous value of the current,
the DC output is given a constant current character-
istic which imparts an immediate safe reaction to load
short-ircuiof hl apt thsameime giincapactratsat

sp ht-cru cyofl pat io he. f te givng ri s

ovrarange ofup tabu4:ovrterange of load
conditions which are encountered in such cases.

A penalty is that transistor turn-off taken place
at maimum current, so that MOS11TS may have to be
used to avoid second breakdown problems. Also the
peak transistor current is 27Z higher for a given
power-flow than the series resonant inverter, though
the transistor INS current is only about the same.
Advantage is, however, taken of the high switching-
speed of MSTES to achieve a very fine control of
output DC voltage. This is done by the use of iti-
cycle turn-off ad will often render further means of
voltage stabilisation unnecessary. This yields a
substantial overall reduction in component count and
hopefully, confers a significant advantage in size
and reliability over conventional Kr supply systems.
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THE TAP CONVERTER

An Alternative VSCF Converter

by

Melvin Sandier

and
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Cooper Square
New York, IY 10003

Abstract

An alternative frequency conversion technique is to be expensive and suffer commutation problems because
examined theoretically and on the basis of laboratory of the inverter stage. Cycloconverters can be used to
tests. The circuit relies on switching between taps replace the rectifier/inverter cobinations when fre-
to produce the desired frequency conversion of an out- quency reduction is greater than three-to-one. However,
put waveshape, and is therefore referred to as a tap the waveforms are of poor quality and like the inverter
converter. The operation of the tap converter has been produce wavshapes with a high harmonic content. The
the examined with a view to its usefulness in VSCr harmonics are parasitic to the operation of electro-
(variable speed-constant frequency) generating systems. mechanical loads and cause a great deal of electro-
A single phase tap converter has been built and tested magnetic interference. In addition, the cycloconverter
to facilitate the comparison with conventional frequency requires a greater number of thrystor switches. Capi-
changing circuitry. tal investment costs from $10 to $50 per kilowatt are

generally quoted for the electronic conversion. The
Introduction $10 figure (which seems futuristic) was quoted by Exxon

in a news release dated May 17, 1979. The news release
It is clear that a great deal of attention must described the use of high power transistors to perform

be paid to studying electronic power conversion for the inversion. When power transistor inverters are
the remainder of this century. New and alternative employed, comutation and waveshaping problems are non-
sources of energy such as wind power generation will existent. However, there are still limitations on
not necessarily match the requirements of existing power levels and while transistor price is low, circuit-

"r grids. Similar problems will occur in aircraft ry cost establishes price. As a result, Exxon announc-
rators and when new energy storage devices and ed it was abandoning its original design. (News re-

cems are tied to existing power grids. Finally, lease -- dated April 14, 1981.) The techniques describ-
ectric motor drives must be improved if high speed ad below are in competition with the transistor inver-
ground transportation and the electric car are to ter and must always be compared to this device.
become more than just a feasibility demonstration or A competing, albeit potentially more versatile
an oddity. The problems of designing an electric technique, involving tap changing, is described in the
vehicle, a flywheel storage system, or a compatible next section. The tap converter offers significant
wind power generator are very similar. However, the improvements in VSCF generator ouput waveshapes and in
following discussion will be concerned with the ex- motor speed control. Harmonic content is reduced and
traction of energy from a variable speed generator. the waveshapeas are continuous. Frequency reduction
This limiting is done for purposes of clarity and limits of less than three-to-one are possible. There-
focus. The technology developed can be applied if not fore, unlike cycloconverters, tap converters need not
directly, then with modification to similar systems. be operated in an "inverter mode" at slower machine

Net cost plays a decisive role in all realistic speeds.
systs-"s. Any device proposed to improve existing
frequency conversion technology must be compared to Tap Converters
rotating mechanical frequency changers, to cycloconver-
term, and to rectifier/inverter. binations. In ad- A typical tap converter circuit design is shown in
dition, capital investment must be a minor faction of Figure 1. The circuit shown utilizes twelve SCR
a typical wind generator or power plant cost based switches. The minimum number which would allow for
upon a cost per kilowatt capacity. Therefore, if a both voltage and frequency reductions is eight. In a
capital investment cost of $2000 per kw is used, the tap changer mode of operation (i.e., where only voltage
total cost per kilowatt capacity of the electronic con- stepdown is required) precisely one-half of the switch-
version technique must be small Compared to $2000. Five as may be eliminated. Therefore, the minimum number of
percent or $100 is reasonable per kilowatt rate. There SCR switches required in a tap changer mode is four.
is an exception: for the most part current electric Four possible modes of operation are shown in Figure 1
utility rates are tied to both capital investment and along with the resulting output waveshapes. mode one
to fuel cost. However, if the energy is free, or in or full voltage operation is produced by firing sa-
military applications. investment costs even above quence: 3, -3, 3-3... etc. Mode two or tap changer se-
$2000 per kilowatt may be justifiable. quence is produced by firing the SCR switches at a

Frequency changing taechiques which are not electo- lower level, for example: 2, -2, 2-2... or, 1, -1, 1-1...
ic may be classified into two groups: mechanical speed etc. The full tap conversion possibilities are ac-
reducers and motor generator sets. Both techniques are cmiplished by firing sequences such as 2, 2', -2 * -2,
expensive. The mechanical speed reducer is aspecially 2, 2'...etc , or 1, 1', 1, -1', -1, -1 ...etc. Finally

.m nd expensive when there is a significant vwmi- the circuit may be operated in cycloconverter and cyclo-
i driver speed. Purthermore, there is general oonverter/tap converter modes by merely delaying the

.nt that these techniques will not be popular in firing times.
the future. Rectifier and inverter cinations tend Roth tap converters and cycloconverters have the
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INPUT WAVESHAPES

MODES OF OPERATION

TAP CONVERTER MODE

TAPCHANGER MODE

CYCLO-TAP CONVERTER A

Figure 1. A three-step, two-way, single phase tap converter circuit

advantage when compared to a rectifier/inverter combi- mutation is accomplished because of changes in the sup-
nation because they rely on supply voltage commutation. ply voltage. The cycloconversion technique has been
The rectifier/inverter combination requires either ex- improved upon by creating stepped variation in the
ternal circuitry or operation into a leading power fac- amplitude of the input waveshape. The result is smooth-
tor load. The leading power factor forces commutation er output wave with less destructive harmonic content.
by sending a reverse current to the previously conduct- The number of SCR switches required increases with the
ing SCR. The disadvantages of the cycloconverter aret number of tapS. Finally, the cost of the system does
minimum frequrency reduction of threo-to-one and chop- not increase directly with the number of SCR switches
py waveforms. A solution to both problem is shown in required by the designer. For example. the 1 unit
Figure 1. amplitude tap in a 1234 tap converter carries only one-

The technique of changing both voltage and fre- fourth the current of the four-unit tap and so on.
qutncy by switching betwen tape is a new addition to Therefore, malaus current ratings nd cost are signi-
the current alternative mothod s of inversion and cyclo- ficantly reduced.
conversion. A single phas version of the output is Tap converter gating sequences sat include pro-
shown in Figure 2. The full advantages of tap changing visions which avoid shorting transformer coils. Co-

circuits are realized in sultiphase operation. (Fig- eider a step up from point (a) to point (Ib) in Figures 2

ure 3.) Consider the two waveShapes shown in Figures or 3. Switch SCR#K comutates SCROKl+l nd step up is

2 and 3. As in the case of the cycloconverter, corn- completed. A similar cmbination of events occurs,
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cn , as previously stated, the total thryistor price
might less than double, even if more than two taps are
used.

I ryll " "In single-phase applications the tap converter is
many ways superior to the cycloconverter.

In the tap converter, the input displacement fac-
tor is very close to one given a unity displacement
factor load, since phase delay modulation is not neces-
sary. Also, the output voltage waveform is much smooth-

1 lik | er - and its instantaneous deviation from the wanted com-
k/ A kJponent is on the average much smaller than that of the

cycloconverter. In addition, savings can be made in
Figure 2. Single phase tap converter output the cost of protective SCR circuitry required since

showing 5.6 to I frequency reduction voltage transients (dv/dt) are significantly reduced,
compared with the single phase cycloconverter.

The tap converter mode of operation introduces

quantization error which is highly dependent on the
number of taps. Operation in the tapped cycloconverter
mode can eliminate this error. However, some of the
advantages of the tap converter are then lost (or re-

JID duced).
.. A multiphase comparison requires ,aboratory tests

YoIwn and computer simulations to make the trade-of fs more
r definite. However, input displacement factor improve-

ment and smoother output waveforms are also the main
I. advantages of the multiphase tap converter.
r It is clear that a multiphase tap converter will

produce sinusoidal waveshapes with the least harmonic
content. A design for a two-phase, four-pulse tap con-
verter employing a Scott transformer for three to two
phase conversion was considered. This type of con-

Figure 3. Multiphase (2) tap converter output verter, while it achieves a smooth and relatively har-

showing 5.6 to 1 frequency reduction monic-free output voltage waveshape, has only a slight-
ly higher thyristor cost than the conventional three-
phase, six-pulse cycloconverter. However, because of
time and budget considerations, a single-phase tap con-
verter circuit was used in the experimental evaluation.

.espectively, when a step down from point C to point D
Sis required. Switch SCR#K commutates SCR"KI-I when Experimental Test Results - Single-Phase Design
':he lower tap voltage rises above the higher tap volt-
age (in multiphase circuits), or when the current passes An experimental version of the three-step, two-way
through zero. If the load on the tap converter has a single-phase tap converter is shown in Figure 4, where the
lagging power factor, a triggering signal may cause a gate control has been designed to produce the following
tap short circuit and loss of load power. A short cir- prearranged firing sequence of thyristors: 1, 2', 3, 3',
cuit would result, for example, when as SCR#l is still 2, l'-l, 2, -3', -3, -2'-l; or ', 2, 3', 3, 2', 1, -1,
conducting the voltage waveshape changes polarity. -2', -3, V-2, -l', depending on the phase of the input
This calls for a triggering of SCR#l' or SCR#2' if a voltage at the starting point. This circuit is there-
step down is called for. Similar shorts can occur fore designed to produce a six-to-one frequency reduc-
through a variety of paths and are eliminated by logic tion with a unity displacement factor load. Figure 5
circuits that control the gate drive circuitry. To shows the voltage waveform appearing accross a purely
prevent tap shorting, the control circuit must place resistive load. The effect of an inductive load on
a gate drive ci a subsequent tap, only when the pre- the output voltage and current waveforms of the three-
vious tap switch has been extinguished. In other words, step tap converter circuit illustrated in Figure 4 is
the gate control circuitry must tap change in accord- shown in Figure 6, (a)-(d). Each successive photograph
ance with the existing load power factor. Consider corresponds to a more reactive load than the previous
the waveshapes and the firing order shown in Figures one. The firing arrangement is the same as for the
2 and 3. Waveshapes are smooth, approximately sinu- purely resistive load. However, due to the inductive
soidal and are lower in harmonic content than the wave- nature of the load, and to the particular firing scheme,
form of the competing cycloconverter or rectifier/in- the given bank is always switched on one-half of the in-
verter. Finally, where cycloconversion is employed, put cycle later than in the resistive case. For ex-
the cycloconverter must be operated as an inverter at ample, if thyristor "I" is the last one fired before
frequencies which are above one-third of the supply the negative bank is switched on, thyristor "-l" is to
frequency. This restriction does not apply in the case receive the triggering pulse at the beginning of the
of the tap converter. A wide variety of algorithms are next input voltage half-cycle. However, with an induc-
available for tap converter proqram.. Optimum program tive load, the current stays positive past the voltage
may be developed to control specific undesirable har- zero-crossing, and thus SCR "I" is still conducting
monics, depending upon application, when "-l" receives the triggering pulse. Thyristor

The major drawback of using tapped generator wind- "-I" Is therefore prsvented from turning on. If the in-
ings to achieve the desired modulation, is the increas- ductive load is su'rh that the delay in the current zero-
ed number of required thyristor switches. This, of croising does not xceed the duration of the input volt-
course, raises the total cost and weight of the conver- age lalf-cycle, circulating current-free operation is
tar. It is not, however, unreasonable to assum that achieved. No detectiza of current zero-crossinqs is

. the cost of the silicon-controlled rectifiers will con- required; but a slih. &Aount of distortion must then
•inue to decrease in the coming years. More important- be tolerated. Figures 6, Cal-(c) illustrate such cases.
iy, the required voltage and current rating of the ad- The possitlity of shorts occuring with more induc-
ditional thryistors required for taps are much lower tive loads is demonstrated in Figure 6, d). This can
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Figure 4. Experimental version of a single phase tap converter. The control circuitry

for a prearranged firing pattern is shown in block diagram form. !
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Figure 4. rhe voltage across the load of the single phase tap covert operatl ito a

resistive load.
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-.specilly in multiphase operation. The tap converter
s well suited for use in wind-powered VSCF systems.

Jnlike the cycloconverter, it can perform voltage regu-

lation over a wider range without deterioration of the

input power factor. Feedback regulation of the alter-

nator field current is not necessarily required. It

can, therefore, be concluded that the tap converter
represents an attractive alternative to the conventional
frequency changing techniques.

A A

(a) RLS 155 ohms, LL a 95 mH (b) RT 153 ohms, L  153 Mh

Figure 6. The load voltage and current of a single phase tap converter operating into
an inductive load; trace A- voltage, trace B- current, stepdown 60/10 Ht
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(c) RL s 70 ohms, LL s 153 mH (d) RL 110 ohms, LL 0.77 HY

Figure 6 (cont.) The load voltage and current of a single phase tap converter operating
into an inductive load; trace A- voltage, trace B- current,
stepdown 60/10 Hz

r
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THE ROTARY FLUX COMPRESSOR - A NEW HIGH POWER COMPACT ENERGY STORE*

Bruce Carder and David Elmeri

University of California
Lawrence Livermore National Laboratory

Livermore, CA 94550

William Bird
Center for Electromechanics

The University of Texas at Austin
Austin, TX 78712

Abstract machines will suffer from the reduced performance
expected from segmented rotors. A size scaling

Capacitors and explosives are the only devices factor will also degrade the specific power output
that are traditionally used for storing energy for of very large ARFC's: i.e., the mass scales as rs
long periods of time when the need exists to whereas the maximum available power scales as r2

release this energy very rapidly, at very high (r - the rotor radius).
powers. Rotary energy stores, e.g., flywheels, are
also capable of storing energy for reasonably long Machines with this 42-inch rotor diameter
times (i.e., tens of minutes), but until recently, dimension have been optimized for flashlamp loads.
the minimum discharge times for these stores have Our code indicates that feasible ARFC's of this size
been the order of a tenth of a second, can deliver up to 15 meqajoules in a one millisecond

pulse. Such a machine will weigh approximately 50
This paper discusses a new rotational energy metric tons, and its overall dimensions will be 1.6 m

store, the rotary flux compressor, that has produced diameter by about 4 m long. At 130/kg, machines of
high power electrical discharges of less than one this size, would cost 'oughlv S1.5 M, or IOt/Joule,
millisecond in duration. Computer codes have shown excluding enqineering costs. A competitive
the feasibility of machines that will deliver up to capacitive energy store, including power supplies,
15 megajoules in single or multiple sub-millisecond switches, mountings and connections, and other
impulses, peripheral hardware that is replaceable by the ARFC

presently costs $34 for I5 megajoules, or 2OO/Joule.

Several types of rotary flux compressors 
exist,

including the Compulsator, the Active Rotary Flux Introduction
Compressor (ARFC), and the Brushless Rotary Flux

,Compressor. The ARFC is currently under development The rotation of massive cylinders is an
at LLNL and the University of Texas. It requires attractive means of storing energy because of its
startup energy (via a capacitor), but tests to date compactness and low cost. This method presents
demonstrate 15 times more energy delivered by the problems for pulsed power applications however,
machine than is stored by the startup capacitor. because of the difficulty of rapidly releasing
This paper discusses the conclusions drawn from energy from the store. Usual methods of converting
these tests. mechanical rotational energy to electrical power

provide discharge times no better than about a tenth
Summary of a second. We present here, test and

calculational results from a new inertial energy
The results of tests with an 8-inch rotor ARFC store, the rotary flux compressor (RFC) that has

have proven conclusively that rotary flux demonstrated an electrical pulse discharge time of
compression is feasible. The machine has produced 590 microseconds.
peak output current of 25 kA, with a ratio of peak
to startup current as high as 17 and pulsewidth as The RFC lends itself well to either single or
low as 590 Psec (FWHM). The ratio of energy multiple pulsing, and the energy retrieved during
delivered to initial energy stored in the startup each pulse can be as small or as large as desired,
capacitor was 15 at the highest rotor speeds of up to virtually 100% of that stored. The machine
5600-plus rpm. We noted that this ratio is will match rather high impedance loads, with
independent of startup energy, but it increases with terminal voltages in excess of 10 kilovolts
machine speed. Thus one can deliver any desired available. Our initial purpose in developing the
energy from the machine by the simple expedient of RFC was to provide an alternative means to drive
varying the voltage on the startup capacitor. flashlamps for large lasers, replacing the presently

used bulky (and expensive) systems of capacitor bank
A computer code predict; this machine's output modules.

current with reasonable accuracy. An additional
feature of the code allows machines to be optimized Rotary Flux Compressors
from the many variables.

Three basic types of rotary flux compressors
The results of the work to date indicate that have been tested in the program: the compulsator,

machines of the present design are feasible up to a the active rotary flux compressor (ARFC), and the
maximum rotor diameter of 42 inches. This dimension brushless rotary flux compressor (BRFC), Figure 1.
is established by the maximum available width of The ARFC Is expected to be the most cost effective
transformer-grade silicon-steel sheet stock. Larger machine for use with flashlamp circuits because it

is smaller than the compulsator and more efficient
*Work performed under the auspices of the U.S. than the SRFC. Also, it will not require a fast
Department of Energy by the Lawrence Livermore recovering output switch to prevent multiple
National Laboratory under contract number pulsing. This problem is inherent with the
W-7405-ENG-48.
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TABLE 1. Summary of Test Results with the B-Inch ARFC

Ratio:
Inertial Startup Energy Current Peak to 2

Initial Final Stored Capacitor Out of Peak Pulse Startup Energy AR2

Run No. Speed Speed Energy Energy* Machine Current FWHM Current Gain B+R
(RPM) (RPM) (k) (J) (kJ) (kA) (msec)

25 2143 1925 12.3 363 2.4 5.1 1.93 7.3 7.5 7.6

26 3109 2885 25.9 363 3.6 8.3 1.15 11.2 1o.g 10.9

27 3077 2600 25.3 738 7.2 11.3 1.30 10.3 10.8 10.8

28 3133 2400 26.3 1124 10.9 13.0 1.45 9.4 10.7 11.0

29 3158 2080 26.7 1508 15.1 13.6 1.53 8.3 11.0 11.0

30 3846 2878 39.6 1508 17.4 17.2 1.10 9.6 12.6 12.6

31 4124 3175 45.6 1508 18.5 18.2 1.12 10.9 13.3 13.1

32 4545 4348 55.3 363 4.7 12.0 0.73 15.4 13.9 13.8

33 5381 5217 77.5 363 4.7 13.6 0.60 15.4 13.8 14.7

34 5607 5333 84.1 56, a  8.0 17.1 0.59 17.0 15.1 15.0

35 5671 5280 86.1 818 b 11.5 19.5 0.67 15.1 15.0 15.0

36 5682 4856 86.4 1660 b  23.3 25.6 0.79 14.1 15.0 15.0
*Capacitors charged to 2.0 kV, except: -A - 17.92

a - 2.5 kV 8 - 6.23

b - 3.0 kV R . Initial RPM
Taw-

compulsator unless a large fraction of the energy calculated by subtracting the Inertial energy in the
is removed with the first pulse. rotor after the pulse from that before the pulse.

Note that up to 56.6% of the energy was removed from
The ARFC requires a startup capacitor that will the rotor during the discharge (run number 29).

store roughly 10% of the total energy delivered to
the load. The compulsator has somewhat of an The current pulse was monitored with a Pearson
advantage in this regard because it generates its 301X current transformer. The peak current, current
own startup current. This advantage is also a pulse halfwidth (full-width at half-maximum), and
liability, however, since repeated rotation through ratio of peak to startup current are also given for
the field will cause eddy current heating in the each run in Table 1.
windings and core losses in the laminated iron.
Thus the compulsator will require a larger The energy gain given in the table is calculated
sustaining motor than the ARFC. The cmpulsator by dividing the total energy removed from the system
also needs external startup energy to be efficient, by the initial energy stored in the capacitor. The
but it only requires about half that of an ARFC. energy removed includes both the change in rotor

energy and the initial energy in the capacitor. We
The 8RFC is an interesting machine because it note that this energy gain coefficient G is

is the simplest of the rotary flux compressors. It independent of the energy in the capacitor: it
can only be used for fast pulse operation, however, appears to be dependent only upon the initial
because of current diffusion in the rotor. It also machine speed, increasing with speed according to
suffers from inefficiency that reduces the the relationship
available power output. Because of its limitations 2 2
this machine is not currently being considered as a G - AR /(B+R 2 ) (1)
candidate to drive flashlmps.

where R is the initial speed (thousands of RPM), and
The 8-Inch Model ARFC A and B are found to be 17.92 and 6.23

respectively. The final column lists this emperical
Because of the advantages inherent with the result, to show how closely It fits the actual gain

ARFC, a test machine was constructed with an 8-inch measurement. Energy gain vs RPM is plotted in
diameter rotor, 24 inches long. 1he rotor mass and Figure 2.
inertia were 98 kg and 0.488 kg.mf respectilely.
This machine has been previously described , The results of this test with the 8-inch ARFC
and preliminary test results have been given.3  indicate that an arbitrarial large fraction of the
Further results of our analyses are presented here. energy stored inertially in machines of this type

can be rmoved in a single pulse. In fact, we
The final twelve runs with the machine are believe the rotor can be stopped, if need be. The

listed in Table 1. The initial and final speeds of results also show that the energy gain is machine
the rotor, before and after the pulse are given. speed dependent, but independent of the initial
These speeds are provided by a monitor on the shaft energy in the startup capacitor. At a given RPM,
that marks the tim at each revolution. The therefore, the energy delivered is just the gain
inertial energy stored in the rotor and the energy factor (at that RPM) times the energy in the startup
stored in the capacitor just prior to the pulse are capacitor.
presented. The energy out of the machine is
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In our tests, gain factors to 15 were observed. 20
With these tests, the ARFC was driving a very low
impedance load (1.2 mn , 0.66 uN), and most of the
energy was dissipated in the machine windings. As
machines become larger than our model, and with
fewer turns per pole, an ARFC will better drive
external loads. (The 8-inch ARFC was a four pole
device with 12 turns per pole.) The model performed
better than expected, however, and it verified our 10 -
computational code. As a result, we have confidence
in the ability of the code to predict the performance
of large ARFC's driving actual flashlamp loads.
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Laminated stator Figure 2. Energy gain verue machine spead for S-inch ARFC
(ferromagntic) THE ROTARY FLUX COMPRESSOR FAMILY
Field coil The Compulsator is a three-winding rotary flux

/ _Z.Rotor (armature) compressor. voltage is produced across the
winding armature winding as it rotates through a

magnetic field created by the field winding.
I ! j- Stator When the circuit is closed, current is generated
(compensating) that is forced to flow back through the
winding compensating winding. This latter winding is as

nearly identical to the armature winding as
. ipossible, but it is wound on the member

Laminated rotor containing the field winding (i.e., the stator
(ferromagnetic) if the armature rotates, or the rotor if the

armature is stationary). The armature,

STATIONARY FIELD COMPULSATOR compensating winding, and load are all in
series, connected via brushes and slip-rings,
and an external switch. The switch is closed
when the inductance in the armature/compensating

Lanminatedstator circuit is high. The generated voltage starts
(ferromagnetic) current to flow that is amplified by flux

compression as the two windings rotate into
SRotor their lowest inductance position.I( wind,,ng

Indor The Active Rotary Flux Compressor, ARFC, has

, winding two-windings. The field winding is omitted, so
the machine cannot generate its own current.

Laminated rotor Startup current is supplied from an external
tIerromautic) capacitor bank when the rotor is in the high

inductance position. Flux compression provides
ACTIVE ROTARY FLUX COMPRESSOR a high current output pulse as the machine

rotates to the low inductance position. The
stator and rotor windings are connected in

Rotor lend series via brushes and slip rings to the
external circuit comprising a startup current

Lamina stor source and the load.

~~\ ~ (ferromagnetic) The Brushless RotaryFuCores, Rha
Sttor only one winding and that is on the stator.
conductor Startup current is also required in this

machine, but the startup and load circuits are
- Rotor only connected to the stator winding and no slip

rings or brushes are used. The rotor surface is
effectively a shorted winding; current is

iRIJSHLESS ROTARY FLUX COMPRESSOR induced in this *winding" when the startup
circuit is pulsed. As the rotor turns, this

lure I. Basic Types of Rotary Flux Comapressors. induced current in the rotor opposes the current
!nated sheet steel provides the necessary magnetic in the stator, and flux is compressed,
cult for high flux compression, generating a high current output pulse.
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& COMPACT SEMI-CONDUCTOR AC SWITCH WITH HIGH ITEXUPTING CAPACITY

V E Cress
Marconi Electronic Devices Ltd, UK

and

P R Pcarson and N S Nicholls
Royal Signals and Radar Establilshent, UK

Sua weight is described in section 3. A full military

climatic specification wSs roquir 8 d, with heat-sink
An AC contactor with a high interrupting capa- temperatures between -55 C and 90 C.

bility is requited in some types of power electronic
equipment, particularly where vacuum or gas-filled The gate drive required is small, but it must be
tubes or spark-gaps are involved. In some severe electrically isolated. Hardware devised to provide
environaents, a semi-conductor switch may be preferred this is described in section 4.
to an electromechanical relay because it is little
affected by zltitude, climate and acceleration, and it Sectiot 5 describes special automatic test equip-
is more compact when a convenient heat sink is avail- ment which has been developed for reliability testing
able. It will also withstand large inrush cur:ents on of the devices under circuit-breaking condition, at up
closure. to 350 A pe.ak current. The results from these and

other tasts designed to establish reliability in the
Thyristors connected in inverse-parallel are milit.r-/ environment are given.

preferred to rriacs because of the superior electrical
characteristics attainable. Driving the additional 2. Analysis of the Switch Requirements
gate involved is shown to be a small penalty.

.l Blocking Voltage and dv/dt Requirements

The PS25N module consists of two 
speciatly passi-

rated square thyristor chips in a flat base assembly The blocking-voltage requirements on the switch
with internal insulation and plastic encapsulation. were found to be dictated by stray voltage spikes.
It is rated to interrupt 330 A peak in a low power- Surges generated by the switch during circuit-breaking
factor circuit on 200 V 400 Hz supplies. Life is at are relatively small because the cut-off current is
least 10,000 operations at maximrm fault level, with a quite small (no more than 0.3 A under the worst con-
25 A rms continuous rating at 90 C heat-sink tempera- ditions). Snubbing components will be needed across
Iture. It has been qualified to a full military each switch to limit the rate of rise of voltage both
specification in accordance with BS9000. during circuit-breaking and in the presence of steep

voltage spikes on the supply lines. To minimize their
Special automatic test facilities have been built size, a high dv/dt rating is required for the switches.

which simulate every aspect of AC system faults while A rating of 500 V/usec was adopted, and a 22 nl capa-
monitoring device behaviour. Many millions of full citor in series with a 47 Q resistor was found to be
power fault condition tests have been carried out in generously adequate for snubbing in the presence of
the course of the development, the transformer impedance. Under these condition a

surge blocking rating of 750 V was s-ound to be adequate
1. Introduction for the switches.

Semi-conductor AC switches are often preferred to 2.2 Current Rating Required
electromechanical relays where a very .rge number of
operations is required, in severe mechanical environ- To supply the required load power of S kW at
ments or for use at high altitudes. It is the object minimum continuous supply voltage of 194 V run the
of this paper to show how, with suitable design, they switch in each line must be rated for at least 15 A
may also be preferable on grounds of compactness where rms u8ntinuous, with the maximus heat-sink temperature
severe current surges are encountered during opening of 90 C. A continuous rating of 25 A rms at this
or closing. temperature was -ventually adopted.

A drawback of the semi-conductor AC switch is When working under these conditions, the switches
that, due to the voltage drop, there is an appreciable are also required to act as a circuit br:h.-r for
dissipation associated with the passage of load short-circuits on the DC output. Thts means chat they
current, and some form of heat-sink will generally be must retain their forward and reverse blocking .apa-
required. In electronic equipment this is not usually bility immediately after passing the current surge
too serious because some form of cooling system is which results from a symetrical short-circuit abruptiy
likely to be needed for other components. The penalty applied to the transformer secondary with the supply
may be minimized by design of the device package for a voltage at its maximum surge value of 220 V rmns. It
low overall thermal resistance. was established that the effective impedance under

these conditions is 0.43 9 resistive and 0.47 Q induc-
The switch to be described was developed to con- tive (at 400 Hz) in series with each line. When a

trol the supply to a 5 kW transformer and rectifier in short-circuit is applied abruptly under these conditions,
a transmitter. The main requirement was to be able to the waveforms of the three line currents depend on the
safely interrupt the 3 phase 200 V 400 Hz AC supply phase of the supply voltage at the instant of its

-. under repeated short-circuits on the DC side. In application. A method for calculating the fault
section 2 the circuit is analysed to determine the currents is given in the Appendix, To predict which
switch requirements, will be the worst case, possible failure mechanisms for

the device must be considered. The risk of deteriona-
The design of the PS25N inverse-parallel thyristor tion of the structure will increase with the peak

module to meet these requirements with minimm size and silicon temperature, and this will depend on the
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magnitude and duration of the current surge. It turns result shown in fig 2a and b. The forward current is
out that both the magnitude and duration peak at the more severe with a peak value of 305 A and the equiva-
same value of phase. The corresponding current wave- lent duration of 1.6 =sec.
forms for the three switches are shown in fig la. It
was assumed that the gate-drives are shut off 3. Power Device Design
immediately after the fault, and that each switch
blocks at the first current zero thereafter. Because A pair of thyristors connected in inverse-
it is a three-wire system, the sum of the currents parallel were chosen for this switch in preference to
will be equal to zero. The peak current is 265 A and a triac because the thyristor pair offered higher
the durati n, defined a the duration of a I sine wave dv/dt and repetitive surge capabilities owing to the
of equal i t value, is about 1.3 mec. electrical and thermal separation of opposite elec-

trical quadrant device areas.
Another possible failure mechanism is temporary

loss of forward blocking due to excessive silicon The choice of a flat base plastic encapsulation
temperature, possibly locally within the chip. was made because it had a number of significant advan-
Because the thermal time-constant of the silicon to tages. For example, the flat base provided excellent
the surrounding metal parts is estimated to be below thermal contact with the heatsink and all electrical
1 msec, the risk of forward blocking failure was contacts were conveniently made on the same side of
thought to be greatest when the duration of the the unit which could therefore be mounted directly on
inverse voltage was shortest. The switch voltage to a cooled enclosure surface. Internal electrical
waveforms for the case of fig Ua are given in fig lb, isolation was considered essential since it was more
and this was thought to be close to the worst case efficient and reliable than external insulation which
(for switch No 2). However, even if a switch does is vulnerable to minor errors of assembly. The
fail to block forward voltage, the element of redun- adoption of a plastic encapsulation also enabled the
dancy inherent in a 3 wire, 3 switch arrangement assembly to be kept very compact although it did not
ensures that the circuit will be interrupted. The provide a truly hermetic environment for the thyristor
waveforms for this case are shown by dashed lines in pellets.
fig 1.

These advantages were sufficiently attractive to
If the most probable failure mode for a semi- provide the incentive to tackle the severe require-

conductor switch is a permanent short circuit, then ments imposed by the non-hermetic plastic on the
there will be effective redundancy from the reliability thyristor passivation system. High electric fields
standpoint provided that the switches are adequately occur at the periphery of the thyristor pellets where
rated for the more severe conditions which can arise the blocking junctions are terminated. For reliable
in this case. This has been investigated with the operation the passivation layers applied to these high
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Ufield regions must provide adequate dielectric
-crength coupled with protection from ionic contami-
.ation. _-

The solution adopted for the PS25N is shown in CATHOE
fig 3. It differed from conventional glass passi-
v tion by the additional thin HIVOX layer interposed
between the silicon and glass surfaces. This HIVOX
layer, which was formed by low pressure chemical
vapour deposition (LPCVD) of polysilicon, acted to
neutralise the effects of surface charges on the GLASSED
underlying silicon while the thick outer glass layer \E G GAT CT .
provided the required additional dielectric strength. SILMDN

Internal isolation of the thyristor chips and
their contacts from the copper base was achieved via ANOE
metallised alumina preforms. Considerable differences F W3RE a ss Poss ve THrstor O'
in expansion coefficient between the various materials
in the assembly were inevitable and contact materials
were therefore chosen with care in order to achieve -CATHODE SOLDE
reliable operation over a wide range of tmperatures.
The thyristor chip was mounted onto a silver plated
molybdenm disc chosen for its close expansion match
to silicon and fatigue resistant multicomponent , p
solders were used for all the joints. Components were ,
also dimensioned to balance thermal and fatigue
resistances.

During the development of this asembly it was N wasGLASS
found essential to prevent direct contact of the plas-
tic filler material with the silicon chip and its
imediate contacts in order to prevent mechanical
dage by~che plastic when operating at temperatures
below -35 C. This separation was achieved in practice LS
by placiag a PFZ cap over each thyristor pellet

'e filling the assembly case as shown in fig 4.
The high repetitive surge current rating, rather R U ,u of HM Q § Psiv a,

than the average current requirment, dictated the
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circuits. A convenient way to obtain the isolation
___and also to satisfy the simultaneous #witching require-

=ents is to use a single transformer having six

IMISTOR CHIPS secondary windings, the primary being fed with a high-
ffrequency square-wave from a low impedance source.
Such a transformer for operation at 100 kHs need occupy
no more than one cubic inch. Each secondary would be

0fitted with a bridge rectifier and a current limiting
_E _ _ _ _ _ _ resistor. Shottky rectifiers such as the IN5818 may

CERAIE be preferred on grounds of efficiency. The total power
consumption of the driver in the operating state would
be about 7 watts. In the off state, it would be
negligible. A possible circuit for operation from low-
voltage DC is shown in fig 5.

PTFE CAP

PLASTI FUM.WAVE
PLASMDRIVER

Figure 5 Drive Circuit for 3-Phase Switch

Figure 4 Final Assembly Design 5. Testing and Test Results

dimensions of the silicon chips and internal contacts. 5.1 Reliability Testing Results
The cathode contact, particularly, was designed to
provide a maximum of contact area to the diffused The tests of specific interest for this plastic
thyristor cathode region and strict processing controls encapsulated unit were as follows:
were implemented to ensure uniform high quality joints.

(a) Electrical endurance for which eight units were
4. Gate Driving Circuits for the PS25N subjected to 2000 hrs blocking at maximum

repetitive voltage, VIM, and maximum junction
4.1 Gate Drive Requirements temperature. No failures were observed.

(b) Rapid change of temperature plus damp heat cyclic
The PS25N is rated for DC gate drive, provided for which eight 0units were subjected to five cycles

that the drive is applied and removed simultaneously of -55 C to +90 C followed by six 24 hr cycles of
on both gates of the device. DC gate drive may be damp heat to BS2011 Part 2.1 Da. One allowable
preferred on grounds of simplicity, since no synchroni- failure was observed.
zation is involved, and versatility, since there is no
requirement on the load to pass current continuously The overall result was that all BS9000 tests were
during each conduction period. successfully passed.

For satisfactory triggering throughout the rated 5.2 Euip.ent for Testing Under Circuit-breaking
temperature range while eliminating the risk of dmnage Coditi0ns
due to excessive inverse current in the thyristors,
the DC gate drive must lie in the range 50 mA to 100 m&. In the interests of economy end silence, it was
The gate-cathode voltage will lie between 0.5 V and decided to generate the waveforms using inductors and
2.5 V. Due to the provision of localized internal capacitors rather than an alternator. This only enables
Sate-cathode short-circuits, the impedance of the the fault current to be simulated, the effect of the
external gate circuit is not important to the blocking normal full-load current is simulated by pre-heating the
and dy/dr characteristics, whole package to a temperature somewhat above the esti-

mated maxiam silicon temperature which could arise
4.2 DC Gate Drive Circuits under the continuous ratings.

A suitable circuit for driving one Sate of the The high power part of the circuit is shown in
PS251 would have an oaf of 9 V ± 0.5 V DC with an fig 6. The capacitor bank totalling about 440 f is \ -
impedance of 100 0 ± 5Z. Six isolated Sate drive pre-charged by a controlled rectifier to a pre-
circuits are required for a 3-phase switch, with determined voltage in the vicinity of 450 V. The device
insulation for 2000 V peak test to ground and between under tet (OUT) then discharges this through an
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Figure 6 Test Circuit l 7

inductor, which swings the capacitor voltage to about /
-350 V, in the process passing a current of half- 0 5
sinewave shape with peak current up to 350 A and
duration 1.6 mec. When the current ceases, the 4
capacitor voltage appears as inverse voltage across /
the DUT (see fig 7). After a selected interval, an 3

X
/ / if/ /

\CAPACITOR 5 10 ,5 20 25 30 35 40 45 50

NUMSER OF S1OTS x ooo -

% Figure 8 Test Results

Additional testing was carried out with device
junction temperatures of 110-112

0 C. No failures
occurred at less than 20,000 shots and the mean number
of shots to failure was in excess of 54,000.

These results demonstrate a very satisfactory

X X performance under worst conditions and the device hasbeen qualified to a full military specification in

accordance with BS9000.

Apgendix - Calculation of the Switch Currents
in a Symmetrical 3-Phase Circuit Assuming

Switches Open at Zero Current

Al The Method

We shall first obtain a general analytical
Figure 7 Test Waveforms solution for the single-phase circuit using the Laplace

Transformation.

auxiliary thyristor is triggered and recharges the We shall then show that the solution suffices for
capacitors to about + 320 V through a second inductor, the calculation the the switch currents in the 3-phase
The capacitors are then recharged by the controlled case provided that the initial currents in the 3 lines
rectifier to the initial voltage and after a suitable are balanced.
interval the cycle is repeated. The voltage is moni-
tored at the parts marked X on the waveform. If the A2 Fault Current in Single-Phase AC Circuit with
initial capacitor voltage falls outside a tolerance Arbitrary Initial Current
of t 1% of the target value, the test is aborted and
the fault indicated. If the subsequent voltages or
the peak current are too small the fault is indicated
and the test is stopped at the end of the cycle. The

device leakage currents are monitored at the points XL
and the values displayed. ci
5.3 Test Results Under Circuit-Breaking Conditions

The bulk of the special surge testing was carried r
out under particularly severe conditio s with junction
tinperatures in the range 1250C to 135 C as compared
to a maxiam operating junction temperature of 125 0C. Figure Al

The results are presented in fig 8 and show only The circuit to be analysed is shown in fig Al.
one failure at less than the required 5000 shots. The generator EMf is given by:-
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* - E sin(wt + )* U(t) (1) with no voltage between P and Q, the currents il,

jhere - isthe pak Z and i3 may be calculated using equation (3).

E i hpekvoltage of the AC source Substituting from (7) in equation (4) gives: p
w is the angular frequency of the AC source A-, + A 2 + A3  - 0 (8)
0 is the initial phase
U(t) is the unit step function Likewise, substituting from (7) in equation (5) gives

Then if B, + B +3B - (9)

I. is the Laplace Transform of the current i
iis the initial current Hence, taking equationa (3), (6), (8) and (9)

I is the Laplace Transform of e together:-
p is the Laplace Operator

i+ i 2 + i 3 ( at all times.

L 1 0 a() A4 Calculation of Switch Currents in a Symetrical

By evaluating efrom equation (1) and writing:- 3-Phase Circuit

a-R/L tJ. have shown that while all three switches
remain conducting, the current in each switch may be
calculated separately using equation (3). If it is

I-E/NrR + wL (the peak steady state assumed that switch conduction ceases when the current
current) is zero, than at the instant when the first switch

I opens, the current in the remaining two switches is
we may obtain from equation (2) an expression for i. equal and opposite. Current continues int these
Taking Inverse Laplace Transforms then yields:- remaining switches as a single-phase fault and may

also be calculated using equation (3) with the oaf

i r. =/V' [A sinwt +B(coswt - e_ appropriately charged in magnitude and phase.

+ ient (3)

where.*-

A - Wsin + acool (4)

B- nLSin*- WCoss 5

A3 Fault Currents in a yierical 3-Phase Circuit

with Balanced Initia Curre

Figure A2

i 01 i o2 i -O (6)

whore I.0 1 i, 103 are the initial currents and also
the thre em!'. 1, * a2 and 63 differ only in regard to
phase, thse:-

-1 2w

3 - 1 T

We shall postulate tathere is no voltage between P
and Q at amy time and show that under these conditions
the aim of the three currents will be zero at all times.
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THE POWER CONDITIONING SYSTEM FOR THE
ADVANCED TEST ACCELERATOR

4

M. A. Newton, 4. E. Smith, 0. L. Birx, D. R. Branum
E. G. Cook, R. L. Copp, F. 0. Lee. L. L. Reginato, D. Rogers, and G. C. Speckert

Lawrence Livermore National Laboratory
P. 0. Box 808

Livermore, CA. 94550

Introduction

The Advanced Test Accelerator (ATA) is a system was also used for the development and
pulsed, linear induction, electron accelerator cur- testing of the electronic control circuits for the
rently under construction and nearing completion at power conditioning system.
Lawrence Livermore National LabOratory's Site 300
near Livermore, California. The ATA is a 50 MeV, Overall Power Conditioning System
10 kA machine capable of generating electron beam
pulses at a 1 kHz rate in a 10 pulse burst, 5 pps There are three separate power conditioning
average, with a pulse width of 70 as FWNM. Ten 18 systems in ATA which are Identical except for out-
kV power supplies are used to charge 25 capacitor put power level (Figure 1). The largest power
banks with a total energy storage of 8 megajoules. conditioning system Is used to drive the 190 accel-
Energy is transferred from the capacitor banks in erator cells while the other two systems separately
500 microsecond pulses through 25 Command Resonant drive the 10 injector cells and the trigger
Charge units (CRC) to 233 Thyratron Switch system. The power conditioning was arranged in
Chassis. Each Thyratron Switch Chassis contains a this manner to allow the accelerator to operate at
2.5 mlcrofarad capacitor and is charged to 25 kV different levels than the Injector since the spark
(780 joules) with voltage regulation of + .05%. gap gas systems are separate. The injector and
These capacitors are switched into 10:1 Ttep-up trigger systems, however, are tied to a common gas
resonant transformers to charge 233 Blumleins to system and their output levels cannot vary by more
250 kV in 20 microseconds. A magnetic modulator is than 20% before jitter begins to be intolerable. A
used instead of a Blumlein to drive the grid of the block diagram of the basic power conditioning sys-
injector (see Figure 1). tem is shown in Figure 2.

1141811 ATA P~ll goinisi# States 1160 Iefalts Fault 414111006 $flls

ft" 0 1,09 Figure 2

Figure 1 Power Supplies

The Experimental Test Accelerator (ETA) has There are ten power supplies in the system of
served as a technology base for all of the major four different ratings. Except for component
components of the Power Conditioning System for the sizes, they are essentially Identical. The basic
ATA, although many changes have been incorporated schematic is shown in Figure 3. SCR phase control
into the ATA system to improve reliability and per- is used In the primary to vary the output voltage
formace. 1  A prototype test stand incorporating level. The output current level is sensed by cur-
all major power conditioning components was con- rent transformers in the primary. These signals
structed and used for development work and testing are rectified and compared to a dc reference to
of the major components for millions of shots, limit the power supply output current. As the out-
Another test system was built to test all 233 put voltage nears the requested level, the voltage
Thyratron Switch Chassis for at least 100,000 shots feedback loop takes over and stops the charging of
at full voltage (25 kV) and current (10 kA). This the capacitor bank at the requested voltage. The

*Lawrence Livemore National Laboratory is operated by the University of California for the Department of
Energy under contract No. W-7405-Eng-48.

This work is performed by LLNL for the Department of Defense under DARPA (DD) ARPA Order No. 3717, Amendment
41 monitored by NSUC under contract 60921-81-LT-WO043, and DARPA (DOD) ARPA Order No. 4395 AI.

This abstract is submitted to the Fifteenth Power Modulator Symposium, June 14-16, 1962, Baltimore, Maryland.
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loop gain of both feedback loops is about fifty, regulated burst mode (1 kHz). Droop in the capa-
which provides more than adequate regulation for citor bank voltage (-16% for ten pulses) during a'a
the purpose. The only unusual feature of these burst would cause a decrease in the switch chassis
power supplies is the inclusion of resistance and voltage, and ultimately the accelerating potential, 0
reactance in the primary circuit. This is required on each successive pulse, if unregulated.
to limit fault currents to a reasonable level when Therefore it is necessary to regulate the charge
the system is crowbarred. The rectifier trans- voltage on each switch chassis. Regulation is
formers are actually power-distribution pole obtained by de-queing or resistive clipping. The
transformers purchased for another application but CRC Unit is shown in Figure 5. It contains six
never used. The impedance of these units is about parallel EEV CX-1538 hydrogen thyratron tubes for
2%, so additional inedance had to be added, the series switch (Vl-V6) and four parallel

CX-1538R tubes for the de-queing switch (V7-VIO).
Six tubes in parallel were used for the series

bali Si.mtuts of US 1u pi., stool? switch in order to keep the RMS current through the
tubes approximately the same as the RI4S cirrent in
the switch chassis tubes. The series resistors

,.. insure current sharinc. Four tubes were used in
parallel for the de-queing switch for the sane
reason. The resistors in ser;es with each of the
de-queing tubes were chosen to limit the RMS
current through the tubes and yet dissipate as
little energy as possible, since the de-que current
comutates back to the capacitive load.

Figure 3

Capacitor Banks

The ATA design requirements for ten pulses at
one kilohertz with 5 Hz average, dictated that the
peak power of a few hundred megawatts during a
burst be derived from capacitor banks. The sche-
matic of the basic capacitor bank is shown in
Figure 4. It consists of forty 50 df, 18 kV capa-
citors. Each capacitor has an energy limiting fuse
and a 12.5 ohm resistor in series with it. The
resistor limits the crowbar current to a reasonable
value (58,000 A). The fuses are required to pre-
vent rupture of a capacitor case if it breaks down
inside. Two ground switches are included to Figure 5
discharge the bank on normal shutdown. The soft-
ground switch closes first and the stored energy is If the de-queing tubes are triggered at the
dissipated in 144-660 watt glow-coil heaters. correct time, the voltage to which each switch
About one second later, the hard-ground switch chassis is charged during each pulse will be con-
closes. The delay is provided by energy stored in stant. The triggering of these tubes is controlled
a capacitor connected in parallel with the sole- by the circuit in Figure 6. The circuit, which
noid. Since several banks are connected to a consists primarily of a comparator and a burst
single power supply, a diode is provided on the amplifier, compares the voltage waveform from a
input of each bank to prevent discharging several fairly low-inpedance divider (50 ka to a 0 - 10
banks through one crowbar or grounding switch. VDC reference. A trigger pulse is generated when

these two voltages are equal. There is an unavoid-
able delay time, TD, from the time the correctlookmi.lCIuiu"#i.b4h voltage is sensed to the time V7-VlO begin conduc-
tion. Because of the inherent rD, which is

______________________ Gas typically a couple of microseconds, the best regu-
lation that could Possibly be obtained i several

Ie t... tenths of a percent depending on the capacitor bank
droop and r. Figure 7A shows the exaggerated
effect of firing time delay. In order to compen-stl- " " . .sate for this time delay, it is necessary for thevoltage from the voltage divider to be slightly

ahead in time with reference to the actual switch
chassis voltage so that at a tim rD after the
voltage divider signal reaches VREF, the actual
switch chassis voltage is equal to VREF as shown

Figure 4 in Figure 78. On ATA, this is accomplished very
simply by placing the voltage divider on the CRC

Command Resonant Chage Unit side of the current limiting resistors in series
with each switch chassis as shown In Figure 6; this

Each CRC charges 10 switch chassis or 25 micro- output phase lag Corresponds to shifting ahead the
farads. The mean charge time is approximately 500 comparator signal. Since this phase ditffernce ismicroseconds with a peak current of 1500 aps in a considerably larger than that which is required to
single pulse mode (5 pps) and 1600 ams in a offset to, the signal from the voltage divider
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must also be phase shifted later in time. This is
accomplished with R! and Cl. Using RI as fine-
tuning. voltage regulation of + .025% has been
obtained in burst operation (See Figure 8). ''" '*'

The ignitron in Figure 
5 is used to dump any

energy stored in the CRC in the event of a fault.
The trigger signal originates from a CMOS logic
circuit designed to detect any abnormal current or
voltage waveforms. If an abnormal waveform is
detected, a trigger pulse is sent to the Ignitron
in the CRC as well as the one in the capacitor MNN E N

banks. The CRC ignitron prevents excessive cur-
rent in the series tubes in the event of a short on Il l N
the output of the CRC. such as the prefire of a
switch chassis.l ME

1KIele gIs|IIO h iii..tI~

Figure 8. Regulated CRC Output

Switch Chassis

Each Thyratron Switch Chassis contains 6 EEY
CX-1538 hydrogen thyratron tubes which are used to
switch the energy stored in the 2.5 microfarad. 25
kV capacitor into the primary of the resonant
transformer. The CX-1538 thyratrons were developed

Figure 6 by English Electric Valve Company to meet LLNL
specifications in a competitive development pro-

IlIeeIallmWTi es "Ifllsu gram. They were specifically developed for use in
the ATA switch chassis. The switch chassis will

'a. sa.a ... arun at 1 kHz, 10 kA peak (2.5 kA/tube) at 25 kV. A
ER .,, schematic of the switch chassis is shown in

'*'-" Figure 9.
v .

; , . ,,

Figure 7A AT O astile I l .es oh..f

Saig8llll ir To  Figure 9

The switch chassis contains a bi-directional
CRC O.S,.C v.fl.,* switch with 4 parallel tubes (Vl-V4) conducting

current during the first half cycle (forward
direction) of the Blumlein charge cycle and 2
parallel tubes (V5, V6) conducting current during
the second half cycle (reverse direction). Tubes

-•,VS and V6 are automatically triggered using a
small, saturating, iron-core pulse transformer
(TI). which uses the output cable as a primary and
has an air gap so the generated pulse occurs just
prior to the zero crossing as show in Figure 10.
The same basic pulse transformer (T2) is used in
series with the thyratron grid trigger for the
'forward' tubes in order to trigger all four tubes
in the event that one of the thyratrons prefires
(see Figure 10). The negative pulses are diode

Figure 78 clipped so that the thyratron grids only see a
positive pulse.
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function of the minicomputer is to act as the OeW-

1who 9144418 PllE Ttlsiernlr Wini8er.. ator interface, make high-level decisions, and do
data archival and retrieval. The microprocessors
are the interface between the minicomputer and the
PCs. The PCs, with its remote I/0 structure, are

I.. o the interface between the equipment and the com-
puter system. The PCs are used to collect data,

A .. - effect control commands, and make low-level de-
cisions. The operator interface to the control
system is through a color graphics system for in-

,.* formation display, transparent touch panels,
digital knobs and a few switches for command inputs.

ATA twooho , Slowm

Poo. L6....

*.=

Figure 10

Resonant Transformer

The 12 n, 14 nf Blumleins are charged by using
a 10:1 step-up, air-core, dual-resonant trans- Figure 12
former. A resonant transformer is a very efficient
way of charging a capacitive load such as a The programmable controllers are programed in
B1ualein. An optimum mode of charging with a a symbolic language known as ladder logic, the
resonant transformer is with the coefficient of microprocessors and minicomputers use mostly
coupling, k - .6, and with the primary and second- Pascal, with some assembly language. Standard ven-
ary tuned to the sane frequency. With this dor operating systems and network communications -
configuration, the primary voltage and current and packages are being used. A data driven software
the secondary current are equal to zero at the same architecture provides the flexibility and expand-

time the secondary voltage is at its peak (see ability necessary for this experimental system.
Figure 11). Theoretically this is a condition for Utilization of graphically defined controls and
100% energy transfer although in practice, because displays allow the operator complete freedom to in-
of transformer and swith losses, the efficiency teract with the machine in a convenient fashion.
drops to less than g90.4 An aditional benefit
of this charging mode is that spark gap recovery
time is enhanced as there is no energy remaining in Present Status of ATA
the transformer to maintain the arc.

ATA is scheduled for completion in October of
1982. Testing and check-out of the power con-

- ditioning systems has already begun and will con-
- tinue to October. An upgrade of ATA to a burst

IN rate of 10 kHz is already under study. Photographs

vm 
of the power conditioning equipment 

for ATA are

0-0 shown in Figures 13-15.

Figure 11. Resonant Transformer Waveforms

This mode of operation requires a bi-directional
switch in each Thyratron Switch Chassis because the
primary current in the resonant transformer
reverses polarity before the secondary voltage FOOTNOTES
reaches its peak as seen in Figure 11. This is the
reason that each switch chassis has 'forward' con- I. Overview of the ETA/ATA Pulse Power by L. L.
ducting tubes and 'reverse' conducting tubes. eginato and R. E. hester, Fourteenth Pulse

Control System Power Modulator Symposium, Orlando, Florida,
1980.

A multiprocessor control and monitor system is 2. Off-Resonance Transformer Charging for 250kV
used to facilitate the control and monitor re- Water il~mmein by t. 0. COOK and L. L.
quirements of the Power Conditioning System as well
as all other ATA systems. The control and monitor Reginato, IEEE Transactions on Electron
systems consists of dual DEC VAX 11/750 mini- Devices, Volume EO-26, No. 10, October 1979.
computers, five DEC LSI 11/23 microprocessors, four
Nodicon S84 programable controller systems (PCs), 3. Advanced Test ccelerator (ATA) Pulse Power

and a CADAC data acquisition system (set Figure Tchnolo y OVeOln by L. L. Reginato, et.

12). The computers and progrmmble controllers a. ILEEL Transactions on Nuclear Science. Vol.

are organized as a dual hierarchial network. The NS-28. No. 3, June 1961.
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SOLVING THE LOW-FIRST-PULSE PROBLEM

By

WILLIM H. WRIGHT, JR.
US Army Electronics Technology & Devices Laboratroy, ERADCON

Fort Monmouth, NJ 07703, Phone (201) 544-5404

SUMIARY: THE BOOST CIRCUIT:

A simplified voltage-doubler circuit is de-
scribed capable of charging a PFN to its full
voltage prior to the first pulse to avoid the Starting from the widely used three-phase
low-first-pulse problem. Design considerations, full-wave rectifier circuit shown in Figure I(a),equations for choosing component values, and a any power supply drawing its power from one orsample calculation are given, more phases of the plate transformer, or from sep-

arate windings on the transformer core, and
totally isolated by diodes in the output and

INTRODUCTION: return lines, as shown in Figure 1(b) would pro-
vide the necessary voltage and self-trackingTypical resonantly-charged line-type modula- features. The logical cho.ces for the boosttors operate with the fast energy store, usually circuit power supply are the transformerless vol-

A lumped-elment PFN, charged to approximately tage doublers, the half-wave and full-wave, shown
twice the power supply/filter capacitor voltage in Figures 2 and 3 respectively. The half-wave
level. However, as the system is turned on and can be simplified still further by recognizing in
the filter capacitor is charged slowly from the Figure 2(a) that the isolating diode DI is Inmain power supply , there is no resonance and the series with the doubler diode 02 and can be eli-PFN charges slowly througt the charging diode to minated, and isolating diode 03 is in parallel
the same voltage as the ower supply/filter ca- with the rectifier diode 04 and the line contain-
pacitor voltage. This factor of two can create ing D3 can be eliminated. In Figure 3(a), theproblems for the load, such as the transmission return isolating diode 01 may be unnecessary if
foil on an e-bean pumped laser wherein the foil the impedances through the doubler circuit areabsorption increases for lower electron energies, high, in which case doubler diode 02 is in paral-
or for the discharge switch which often has less lel with rectifier diode 0S and can be eliminated.than a two-to-one operating range between no-fire In any event, the circuit in Figure 3 has two ca-
and pre-fire. This switch range problem is espe- pacitors, which are the largest and most expensivecially bothersome on a modulator used for switch components used. The simplified half-wave circuit
development, where switch performance may be par- in Figure 2(b) is the one studied and described
ticularly intractable. For nonlinear loads whose here.
Impedance varies with voltage, the load match
Presented to the PFX varies with PFN voltage. It
may, then, take many pulses before operation CIRCUIT REQUIREMENTS:
settles down to its steady-state condition. For optima results, the boost circuit should

While other techniques have been used pre- charge the capacitance of the PFN in a few secondsviously to solve this problem, such as prior to the first pulse, have no effect on themanually-controlled separate power supplies con- modulator after the first pulse, and be self-nected on the PF% side of the charging diode, or protecting from all forseeable fault modes. By
a high voltage contactor closed manually after properly choosing component values, the half-*ave
the filter capacitor has been fully charged, it doubler circuit can do all of this. By adjustingis felt that the circuit presented here, which the voltage to which the boost circuit charges the
requires neither attention nor moving parts, PFN to be slightly less than the resonant rechargeoffers the simplest, cheapest, and most reliable voltage, the boost circuit output diode will besolution. One of the most attractive features is reverse biased at all times except prior to thethat the boost circuit's output automatically first pulse and during the recharge interval. Ittracks with the main power supply. will therefore spend most of its tim
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open-circuited and be invisible to the rest of
the modulator circuit. If the boost circuit un- IAvg l / 2 2
loaded voltage were higher than the resonant
recharge voltage, there would be a voltage If Ra Rt. the currents may be calculated
. creep" and the PFN voltage would depend undesir- sepahUtely; RW' only affects the peak and average
ably on the interpulse period. current throu" 0 and R only through .

In practice, X RV and ti4I' t hoice of Cc cont9is
The low impedance main power supply will 'k,

charge the PFN through the charging diode to the
filter capacitor voltage as the power supply is Figure 4 (d) shows the equivalent circuit for
raised. The boost circuit, with a high Thevenin- the case where the load shorts and the AC to the
equivalent impedance, R, will act as a topper power supply is turned off quickly while the cou-
with a R C f time coIltant on the order of one pling capacitor is fully charged, as in the case
second. eq p n of a kick-out resulting from a load fault. For

the worst case of the transformer coil looking
The discharge transients of the PFN are kept like a short, the surge current through 0out Is

off the boost circuit by connecting it to the
filter capacitor side of the charging inductance. Isurge - Vpk / Rout

and a reasonable value to use for tolerable surge
CIRCUIT DESIGN AND COMPONENT CONSIDERATIONS: current is 25 times the average current rating of

the diodes chosen. This criterion will normally
drive the choice of Rt, The transformer coil,

By analyzing the boost circuit in the limit- shown here as a short, 'N still inductive and the
ing cases of PFN voltage higher than the boost surge current will ring back through Din, limited
circuit voltage (open-circuit case) and PFN shor- by Rin.
ted, component values can be determined which
will survive the worst-case conditions. All cal- The value of C is chosen to give the voltage
culations will be referenced to V, the peak gain desired, which in turn is controlled by the
value of the AC voltage across oneVtide of the ratio of filter capacitance, Cf, and the PFK capa-
delta-connected transformer. citance, C To a first approximation

Vpk a 2 VM - 1/2 Vpeaktopeak Vp / Vf 2/1 C p / Cf

If the transformer is wye-connected, then although losses in the charging inductance and
charging diode reduce the voltage gain. It should

Vpk- 3 x 2 V s,phase-to-neutral  be remembered that a stiff transformer-rectifier
combination, particularly in conjunction with a

Vn, will be approximately half the peak charging long resonant time, partially recharge the filter
v8 tage on the PFN. capacitor during the resonant time and give the

effect of a much larger C Inverse voltage left
Figure 4(a) shows the boost circuit with its on the PFN will increaS the voltage gain, but a

load, C being the capacitance of the PFN, R the well-matched load or an inverse clipper circuit
total liakage resistance across the PFN, ardU D will minimize this effect. A gain of 1.8 is gen-
Is the diode in the rectifier bank, 04 in Figur1 erally indicative of a good resonant charging
2(a) , through which the boost circuit finds its circuit. The voltage to which the transformer-
return path. In the open-circuit case, Figure rectifier charges the filter capacitor varies with
4(b), the boost circuit looks like an unloaded the loading on the power supply from V at light
half-wave rectifier in which the coupling capaci- loading to .95 V at heavy loading. pkCobinirA
tor, Cc# charges to Vpk, the peak inverse voltage these effects, # voltage on the PFN can be ex-
on D4 , goes to 2 V p, and the current flow and pected to be approximately 1.75 Vpk"
dfssllt on in the r;Wstor R n are essentially

zero. In this condition, thlnpeak inverse vol- The leakage resistance across the PFN, R in
tage across D is V However, if the AC is Figure 4(a), has fa large effect on choice ar C
removed from~fe bo t circuit, the voltage on Previous analyses have assumed equal values -r
a briefly goes about 20% higher. Figure 4(c) the coupling and load capacitors, which leads to
SR"S the short-circuit condition with AC power the erroneous conclusion that the RC product of
on, which would apply to a turn-on with a short- the load controls the voltage gain of a doubler.
ing stick accidently left in place. The peak The charge coupled into the circuit through C and
current through either diode is: bled out through Rp. the RJX ratio, controli the

2 2 circuit response. Changi 1 he load capacitance
pk a k / ft over three orders of magnitude had less than 11

effect on voltage gain. The total leakage pathsv X a I /2 f Cc, the AC reactance of the across the PFN load-the internal leakage of capa-
coplingccapacitor citors, the voltage diagnostics, the diode

end-of-line clipper circuit, and the balancing re-
and R the value of either R or R t The aver- sistors for a multtgap thyratron. are in tid
age current through each d4Se is ot of a "ty hem.
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The voltage gain through the circuit depends
on the leakage across the PFN, R. the resistance Rd * 26.3 kV / 18.8 A * 1.4 k
in series with the diodes, R R *R. R and
the coupling capacitor C . from iW, I. 1 O al- The ratio of R/ was 1.4 k /.67 N .21%
lowable R for a given Soltage gain, Rn, and The limting r ti for a gain of 1.52 is
large val of Cc, can be found to be I I(.76)' - 38(.q /,RfS; x 1.52/ - .) 2

-. 8 -2
ftn. . 42.3

1 - (K / 2 )2  - (K / 4 ) 2 or RJR a 2.4% for the larr C case. There Is
K 2)obvisqy room fo- -_c---snj I for diode safety

or reducing C for a size and €Ast saving. Frau
Wt K Vp / Ypk. Figure 5, foF .25% Rd/RP and VP/Vpk 1.52, Rp/Xc

For the assumed 1.75 voltage gain, this allows 6.

R - .76%, but only for large C . Since the X a R / 16 - .67 M /16 a 41.9 k - 1 / 2
c€oaditor is the largest and most e $ensive coo 6 C Pand
ponent used, reducing Rd to allow a smaller Cc is C
advantageous. cc * 1 / 41.9 x 10 x 377 - .063 uF

For charging-time considerations, an equiva- Checking the shorted load, AC-on fault mode, the
lent voltage source impedance, R,* can be used impedance is dominated by X , and I a V /X a
with the capacitance of the load C., to give an 26.3 kV / 41.9 k - .63 amp ith the~lvera~l cfir-
f,, C charging time constant. Fo the circuits rent per diode
iRes1!lgated, the value of Req was approximately
3 Xc .  lavg a Ipk / 2  2 a .63 / 2 2 - .22 am

which is well within the .75 amp rating. The 12R
SIAPLE DESIGN dissipation in the Rd resistors is 68 watts, as-

suming a shutdown in ten cycles the energy into
each Rd s 11 joules, and the peak voltage across

A boost circuit was designed and fabricated each Rd is .63 x 1400 a 880 volts. A string of
for the following conditions: few 2 watt carbon resistors is more than adequate

PFN charging voltage, a4 kV for the voltage and energy considerations. -

The minimum component values for the above i
PFN capacitance, Cp a 9.0 uF circuit are - ,

PFP leakage, R. - .67 Megoen c: .063 uF , 26.3 k

Filter capacitor, Cf -.47 uF f * ft *R: 1.4 k ,880 volts peak, 11

The expected resonant voltage gain was u

/V 2: (2 47) D 220 ma average current
. 2 Cf ( Cf p ) mp surge current

/ (47 9)1- i.a 52.6 kV PlY

The measured gain was 1.57, for a drop of 6.5% in 0 220 m average current
the charging inductor and diode. The required 184: 2mp surge current
filter voltage for 40 kv on the PFN was 26.3 kV PIV

Vf a 40 kV / 1.57 a 25.5 kV Choosing Cc .1 uF for convenience, for X

26.5 k and t /X - 25.3 allows increasing R ,
The transformer rectifier produced a filter vol- to 1.75%, fro Pigre 5,
tage of 0.97 Vpk, requiriAg a peak AC voltage of

Vpk a Vf / .97 - 25.5 kV / .97 - 26.3 kV d .0175x 670k 11.7 k

and the desired voltage gain from the boast surge
circuit was Vp/Vpk a 40 kV/26.3 kV a 1.52. I - 26.3 kV / (11.7k) 2  (26.5)2 26.3

The price of high voltage diode stacks is 29Pb - .1 p

nearly constant up to 750 ma average current and . 2 2 .32 am
rises rapidly above that, making the 750 ma diode avg

a logical choice for the circuit. The surge for even greater diode safety.
rating, at 25 times the awer rating, is 18.8
aps. From the considerations discussed in When varying R and/or R, to adjust V
Figure 4(d), with Cc charged to Vpk 26.3 kV to be slightly ls than tR 'resonant vota_

gain, experimentation has shown that for small CO,
where Xc
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dominates R ,R is about twice as effective

as R for 'Aryft the voltage gain. For large
C:. oin is more effective.

Using the approximation of R
x 26.5k a80 k , and C u9 vq,t estid.
ated time constant was *.72 sec. The
observed exponential time constant for the actual
circuit charging C~ P 9 uf was .95 sec.

CONCLUSIONS:

A simple, cheap circuit has been demonstr-
ated which Can charge the WFN of a resonantly
charged modulator prior to the first pulse to
avoid the low-first pulse problem. The circuit
requires no attention and has no adverse effect
on the rest of the modulator.
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